Method Development for the Application of Vibrational Spectroscopy to Complex Organic-Inorganic Materials in Astrobiology. A Systematic Development of Raman Spectroscopy and Related Analytical Methods to the Structural Chemistry at Organic (Biological) and Inorganic (Mineralogical) Interfaces of Material Assemblies Relevant to Astrobiology and Inter-Planetary Science. by Whitaker, Darren A.
 University of Bradford eThesis 
This thesis is hosted in Bradford Scholars – The University of Bradford Open Access 
repository. Visit the repository for full metadata or to contact the repository team 
  
© University of Bradford. This work is licenced for reuse under a Creative Commons 
Licence. 
 
Method Development for the Application of Vibrational
Spectroscopy to Complex Organic-Inorganic Materials in
Astrobiology
A Systematic Development of Raman Spectroscopy and Related
Analytical Methods to the Structural Chemistry at Organic (Biological)
and Inorganic (Mineralogical) Interfaces of Material Assemblies Relevant
to Astrobiology and Inter-Planetary Science
Darren Andrew WHITAKER
A thesis submitted for the degree of
Doctor of Philosophy
Chemical and Forensic Sciences
University of Bradford
2013
Abstract
Keywords: SERS; Surface Chemistry; Nucleobases; Sterols; Poly-
cyclic Aromatic Hydrocarbons; Pre-Biotic; Detection.
In the search for the conformation of extant or extinct life in an
extraterrestrial setting the detection of organic molecular species
which may be considered diagnostic of life is a key objective. These
molecular targets comprise a range of distinct chemical species,
with recognisable spectroscopic features. This project aims to use
these features to develop an in-situ molecular specific Raman spec-
troscopic methodology which can provide structural information about
the organic–inorganic interface.
The development of this methodology identified a surface enhanced
Raman spectroscopic technique, that required minimal sample prepa-
ration, allowed for the detection of selected organic species immo-
bilised on an inorganic matrix and was effective for quantities below
those which conventional dispersive Raman spectroscopy would de-
tect. For the first time spectral information was gained which allowed
analysis of the organic–inorganic interface to be carried out, this
gave an insight into the orientation with which molecules arrange on
the surfaces of the matrices. Additionally a method for the detection
of organic residues intercalated into the interlamellar space of smec-
tite type clays was developed. An evaluation of the effectiveness of
uni and multivariate methods for the analysis of large datasets con-
taining a small number of organic features was also carried out, with
i
a view to develop an unsupervised methodology capable of perform-
ing with minimal user interaction. It has been shown that a novel
use of the Hotellings T2 test when applied to the principal compo-
nent analysis of the datasets combined with SERS allows identifica-
tion of a small number of organic features in an otherwise inorganic
dominated dataset.
Both the SERS and PCA methods hold relevance for the detection
of organic residues within interplanetary exploration but may also be
applied to terrestrial environmental chemistry.
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Chapter 1
Introduction
1.1 Aims and Objectives
The overall aim of this project is to evaluate the ease of detection of organic
molecules in a complex environment. This aim is conducive to the search for
signs of life beyond our own planet, specifically on the surface of Mars.
Instrumentally the detection of organic molecules within mineral environ-
ments is challenging owing to the overwhelming ratio of the inorganic mineral
to organic material, which is usually encountered when looking for molecules of
biological relevance. Therefore one of the objectives of this work is to evaluate
the performance of Raman spectroscopy when applied to complex materials of
astrobiological relevance, and to develop ways of enhancing the performance
of this technique. In addition to instrumental detection, a second objective is
identified involving consideration and evaluation of the physical and/or chemical
effect of the presence of organic biomolecules on their surrounding environ-
ment. This includes effects on habit, phase and morphology of mineral species
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and also the co-crystallisation of compatible molecules. The latter of which may
yield new species which would not be expected and therefore not considered
in an analytical strategy. Finally, development of a robust, repeatable analytical
methodology which lends itself to the easy analysis of large datasets using uni
or multivariate methods. This will minimise data and allow almost unsupervised
analysis to aid in the detection of the spectral contributions of trace materials.
In order to fulfil the first objectives, a range of tasks must be first carried
out. Firstly a selection of materials must be identified from the literature which
are proven or hypothesised to be found in an astrobiological environment, these
will be primarily inorganic based minerals. Secondly materials must be iden-
tified from the literature which if detected in an extra-terrestrial setting would
help to provide evidence that life was/is present, these will be organic based
molecules. Thirdly, a range of experiments must be conducted with a view of
evaluating interactions between these molecules which would effect their detec-
tion. These experiments will inevitably produce a range of analogue materials
upon which development of Raman spectroscopic methods can be carried out.
The second objective may also be broken down into a range of tasks. As in
the first objective, a range of materials must be selected from those identified
as astrobiologically significant. These materials must then be combined under
a range of conditions which allow their influence on each other, both physically
and chemically, to be determined. The final objective requires the development
of a suitable spectroscopic methodology which allows standalone in-situ mea-
surements from which information about the organic-inorganic interface can be
drawn, while also maintaining the ability to characterise the organic adsorbate.
Once a suitable technique has been developed and tested the acquisition of a
2
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large dataset comprising of 100 or more spectra of which only a small number
will contain features from organic molecules will be undertaken. These datasets
will then be analysed using various methods, and a robust and reproducible an-
alytical methodology will be devised which allows easy detection of the trace
materials from the large dataset.
1.2 Overview
1.2.1 Astrobiology
Astrobiology is the study of the evolution of life in the universe.1 Despite its name
it incorporates, not only biology, but also; chemistry, physics, geology, geogra-
phy, ecology, planetary science and molecular biology among other disciplines.
This interdisciplinary field encompasses many goals, these include;2
• The search for habitable biospheres in and out of our solar system
• The search for evidence and understanding of prebiotic chemistry
• Research, both laboratory and field based, into origin and evolution of life
on early earth
While astrobiology is a relatively new and upcoming field, the question of the
existence of life elsewhere in the universe is a testable and verifiable hypothesis
and therefore a valid line of scientific research. A current focus within astrobi-
ological communities is the search for life on Mars; this is due, in part, to the
geological history of the planet and also to its proximity to earth. There is a
growing amount of evidence pointing to past existence of water on the Martian
3
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surface.3,4 Two past missions specifically designed with the focus of finding life
on Mars by sending unmanned rovers to the surface were; The Viking Program
and Beagle 2 probes. The results of the Viking probe proved inconclusive,5
while Beagle 2 failed to transmit and is assumed to have crashed.6 Some as-
sumptions are used in astrobiology, this enables it be simplified to some extent.
One such assumption is that any life forms in our universe will be carbon based,
while it is conceivable that non-carbon based life exists, carbon is well known for
its ability to form a very, perhaps even unusually, large variety of molecules. A
second assumption is the presence of liquid water at some stage or other during
the lifetime of planet where life has formed. This is a useful assumption given
that water has the ability to form a suitable environment for the formation of com-
plex carbon molecules.1 While being interdisciplinary in its approach there are
three easily identifiable main disciplines which make astrobiology. These are;
astronomy, biology and astrogeology. A lot of the astronomy-related work within
astrobiology can be classed as extrasolar planet (or exoplanet) detection. The
current thinking behind this being; if life evolved on earth, then it may have also
evolved on other planets with similar characteristics. The goal of this is to not
only find planets considered earth like but also to study these planets spectro-
scopically with a view of determining their surface composition and atmospheric
conditions. This information allows the likelihood of life having evolved on that
planet to be assessed. An estimate for the number of planets on which ex-
traterrestrial intelligent life can be calculated from the Drake equation (Equation
1.1).7
N = R∗ × fp × ne × fl × fi × fc × L (1.1)
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Where; N = the number of communicative civilizations, R∗ = the rate of
formation of suitable stars (such as our sun), fp = the fraction of those stars
with planets, ne = the number of earth like worlds per planetary system, fl = the
fraction of those planets where life actually develops, fi = the fraction of life sites
where intelligence develops, fc = the fraction of communicative planets, L = the
lifetime of communicating planets.
The next main element is biology, specifically the biology of extremeophiles.
This is a broad descriptive term for organisms able to survive in extreme envi-
ronments. It was previously believed that all life was dependent on energy from
the sun. Plants photosynthesise sugars and release oxygen, this oxygen is then
respired by animals which eat the plants for energy, and in turn pass the energy
up the food chain by being eaten themselves. It was thought that organisms
which survived in deep hydrothermal vents, with no direct access to sunlight,
fed on organic material which sank from above sea level. It is now known that
many organisms survive at great depths with no access to sunlight or any or-
ganic matter from above, these organisms which survive around volcanic fea-
tures known as black smokers have comprised an entirely different food chain.
This starts with bacterium which produce energy by oxidizing chemicals which
bubble up from the earth, these include diatomic hydrogen (H2) and hydrogen
sulphide (HS). When discovered, this chemosynthesis caused a paradigm shift
in biology, showing all life was not dependent on the sun; all that is required
for life is water and an energy gradient. Since this landmark discovery many
extremeophiles have been discovered in many environments once considered
too harsh for life, these include; salt crystals, toxic waste sites, ice, boiling wa-
ter and many more.8 This, of course, opened up new avenues of study within
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astrobiology as the number of extraterrestrial habitats in which life could exist
was hugely expanded. The third and final area, into which astrobiology falls,
is geology, or more specifically astrogeology. This is a discipline within plan-
etary science, which studies the geological aspects of celestial bodies within
the solar system. This can include; Planets, Moons, Asteroids and any other
space rocks. The information gained from these studies evaluates the chemical
makeup of these bodies and assesses their past or present ability to play host
to life.
1.2.2 Mars and its Environment
Mars is the 4th planet from the sun, it is named after the Roman god of war. It
is often referred to as the Red Planet, this is due to the large amount of iron (III)
oxide known as hematite, or more commonly rust, on its surface which gives it
a reddish appearance.9 In comparison to Earth, Mars is the less dense having
around 15% of the earths volume and 11% of its mass and having only half the
radius. Based on both direct observations (orbital or lander) and examination of
the Mars Meteorite Collection, it is believed the Martian surface is mostly com-
posed from basalt, which is formed by rapid cooling of lava at the surface of the
planet. There is however evidence that portions of the Martian surface display
much more silica content than typical basalt.10 The mineralogy of the Martian
regolith is well characterised; the regolith of a planet is the uppermost surface
layer, usually composed of differently sized rocky blocks and dust particles as-
sociated with them, this surface is a result of meteoritic bombardment. This
definition, however, does not account for the red colour of the Martian surface
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and therefore, on a complicated surface such as that of Mars the regolith must
describe, not only the uppermost layer covering the surface but also the under-
lying saprolitic horizons down to the fresh parent rock. Therefore investigation of
the regolith of Mars is not limited to the primary materials but also to the minerals
that are formed by processes occurring on the surface. It is widely accepted that
many minerals make up the Martian surface, some of the more common ones
are displayed in (Table 1.1).9 Mineralogy of the surface is important as condi-
tions under which certain phases are formed allow insight into past planetary
and atmospheric conditions. Geomorpholgical evidence presented by Jaumann
et al11 and Masson et al12 shows extensive networks of valleys, flood channels
and esturine deposition fans. All of which suggest the action of liquid water.
Recently, mineralogical evidence from Opportunity (NASAs robotic exploration
rover) has shown signs of the chemical action of liquid water.13 Specifically a
vein of a gypsum, a mineral which forms in liquid water, in the bed rock of the
surface. This latter circumstance suggests that the vein was formed in-situ.
Table 1.1: Martian regolith minerals9
Name Formula
Olivine (MgnFen´)2SiO4
Pyroxene XY(SiAl)2O6; (X = Ca, Na, Fe
2+, Mg, Zn, Mn and Li: Y = Cr, Al,
Fe3+, Mg, Mn, Sc, Ti and Vn)
Feldspar KAlSi3O8 - NaAlSi3O8 - CaAl2Si2O8
Hematite Fe2O3
Clay n/a - Sub type of Phyllosilicates
Goethite α−FeO(OH)
Jarosite KFe3+3(OH)6(SO4)2
Iron sulfates FeSO4
Opaline silica SiO2 · nH2O
Carbonates XCO3; (X Commonly) = Ca, Mg, CaMg, CaFe)
In comparison to Earth, the atmosphere on Mars is relatively thin with a
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mean surface pressure of 0.60 kPa compared to 101.3 kPa on Earth. This is
due to a lack of a magnetosphere which allows the solar wind to directly interact
with the planets ionosphere and strip away atoms from the outer layer. This
low pressure atmosphere prevents liquid water existing over large regions of the
Martian surface for extended periods of time, however, the past flow of liquid
water on the planet may suggests previous potential for habitability.
1.2.2.1 Selection of Minerals for Study
The mineralogy of the Martian surface shows a remarkable complexity, show-
ing both similarities and differences to processes dominant on Earth. The total
mineralogy of the surface is a result of chemical and mechanical alteration such
as physical weathering, mechanical breakup and chemical weathering. The
minerals present within Martian soil are suggested to include silicates, phyl-
losilicates, iron bearing minerals, sulphates and carbonates. These minerals
represent those which have formed under a range of conditions, from gas –
solid alterations to acidic aqueous environments and by a range of mechanisms
from thermal and hydrothermal to evaporitic and precipitation reaction pathways
(Figure 1.1). In order to select the minerals to be used in the present study
consideration of environments likely to have once harboured life and the min-
erals found within must them be considered. Analysis of data from the Mariner
and Viking orbiters, along with analogue studies carried out terrestrially sug-
gest that pedogenic layers, paleolakes, paleoseas and springs are the most
likely environments to have contained prebiotic chemistry or living organisms,
or have preserved molecular fossils.14 Minerals found in these environments
are those which form exclusively in the presence of liquid water and as such
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are referred to as “aqueous minerals,” examples include iron oxides and oxyhy-
droxides, carbonates, sulphates and phyllosilicates.15,16,17 Mineral phases from
these categories were selected for study, these were (i) calcite and dolomite
from the carbonates, (ii) akaganeı´te and goethite which are iron oxyhydroxides,
and (iii) montmorillonite which is a phyllosilicate. A sulphate was not chosen as
in the powdered form they are soluble in water, and as such addition of aque-
ous organic solutions will result in dissolution of the mineral phase. An in depth
introduction and discussion of the selected mineral phases is given in section 3.
.
1.2.3 Molecular Targets of Astrobiological Significance
One of the main goals of the exploration of Mars is to determine if life did/does
exist there. Detection of biosynthesized molecules (biomarkers or chemical fos-
sils) would be a great step in this determination. The term biomarker is rather
broad and can cover a great number of molecule types and classes. There
are many publications which list classes of compounds that fit into the term
biomarker, they place emphasis on; derivatives/degridents of cellular structures,
amino acids, sugars, fatty acids, pigments and carboxylic acids.18,19,20,21,22,23
Parnell et al24 have taken all this into account and produced a table of over 60
target compounds, a number of molecules were selected from this list to be used
throughout the work presented in this thesis. Molecules were chosen according
to satisfaction of the following criteria: bio-relevence, persistence and struc-
tural chemistry/functionality. The molecules on the whole are organic molecules
which are the products of degradation from higher molecules. The following
9
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Figure 1.1: A possible synthesis scheme of the various pathways leading to the major
mineral phases present on the Martian surface. Reproduced from Chevrier et al9
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section gives an overview of the selected species. It is split into species which
fall into three main categories extant (living/recently dead) organic matter, fossil
organic matter and organic matter from meteoritic input.
Extant Extant terrestrial biology is generally characterised by seven “pillars”,25
of these three provide a large pool of molecular possibilities to be considered: (i)
the production of energy-rich storage compounds by redox reactions; (ii) infor-
mation transfer via macromolecular adducts; and (iii) compartmentalisation (via
lipid membrane systems). Other characteristics such as reproduction, growth
and adaptability are among the seven pillars,25 however the former character-
istics allow a selection of molecular species to be drawn, which may in turn be
considered diagnostic of extant or recently dead life. When evaluating possi-
ble “biomarker” compounds stability outside of a living system and survival un-
der geological conditions becomes extremely important. Energy storage com-
pounds (i.e. cyclic AMP and acetyl phosphate) are by their very nature reactive
and easily broken down,24 this means suitable molecules are for the most part
those which do not undergo structural transformations as part of energy stor-
age/transfer. The general porphyrin structure is one such example, this is in-
volved in light harvesting and electron transfer, usually occuring via the metal ion
at the centre of the structure. The porphyrin class of molecules has been shown
to be stable over long periods of time in sedimentary environments.26 A number
of general porphyrin structures, analogous to those in biological systems were
chosen (Tetraphenyl porphyrin, tetrapyridyl porphyrin and N-methyltetrapyridyl
porphyrin, Figure 1.2) for the present study. The basic porphryin structure is
made up of four pyrrole subunits connected by methine “bridging” at their α-
11
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Figure 1.2: Molecular structures of some porphyrins
carbon.
The most recognised information transfer mechanism in biological systems
is via deoxyribonucleic acid (DNA), detection of DNA on Mars would provide
solid evidence of extant/recently dead life. The time scale at which DNA per-
sists is widely disputed, time scales of tens of thousands of years are not gen-
erally argued, however there are controversial claims of persistence time scales
of hundreds of millions of years27 the general consensus, however, sees these
claims as misleading.28 The adsorption of DNA to mineral matrices may provide
refuge from the biological mechanisms, which DNA is suseptable to after cell
death,27 therefore free nucleobases are selected for the present study. Nucle-
obases are nitrogen containing molecules based on either a purine or pyrimidine
skeleton (Figure 1.3). Their ability to form hydrogen bonded base pairs and pi-
stack leads to the helical structure of DNA.29 Figure 1.3 shows the 5 primary
nucleobases of cytosine (DNA and RNA), guanine (DNA and RNA), adenine
(DNA and RNA), thymine (DNA) and uracil (RNA).
12
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Figure 1.3: Molecular structures of nucleobases
Compartmentalisation in biological systems often occurs via lipid based mem-
brane systems. As such the straight chain fatty acid molecules which make
up lipid membranes present good biomarker candidates,30 however they also
present a misleading system as they can arise from both biological and abio-
genic origins. With this in mind another molecule involved in the composition
of membrane structures was chosen. Cholesterol (Figure 1.4) makes up >50
% of an animal cell membrane31 and so is abundent in biological systems. The
hydroxy functionality of the molecule gives it hydrogen bond donor character
making it an ideal candidate for interaction with mineral surfaces. Stigmasterol
(Figure 1.4) is also chosen as an analogue molecule which is present in plant
cells. Additionally, they are a vital part of the biochemistry of eukaryotes and as
such make a good marker for the presence or past presence of life. On earth
steroid fossils have been found in sedimentary rocks which date back to 300
million years before the great oxidation event (or GOE) which itself was ca. 2.3
13
1.2 Overview
billion years ago.32 This outstanding preservation is rarely observed in the ge-
ological record. It is noted that the steroid fossil molecules are steranes, which
are the geologically stable form of sterols, however in this study sterols were
chosen as their hydroxy groups give rise to a peak in the region of 1600 - 1700
cm−1 which could be used to identify the molecule.33
Figure 1.4: Molecular structures of cholesterol and stigmasterol
Fossil Biomarkers Molecules classified as chemical fossils represent either
the most resilient of the biomolecules or stable degradation products of the par-
ent biomolecules. Porphyrin and sterol molecules represent chemical fossils in
addition to their classification as extant biomarkers. These molecules are able
to persist in the geological record for hundreds of thousands of years. Three ad-
ditional molecules were selected, one belonging to the main category and two
degradation products were chosen. Typically amino acids do not persist for long
periods of time in the geological record of earth as they are subject to micro-
bial breakdown,34 however as conditions on Mars are not conducive to microbial
growth they may be well preserved in the Martian geological record. Glycine
was chosen as an amino acid for the present study. This organic molecule
(NH2CH2COOH) is the smallest of the amino acids found in proteins, of these
14
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proteinogenic amino acids glycine is unique due to its lack of chirality. Due to
its minimal sidechain of a single hydrogen atom (in comparison to other amino
acids i.e. phenylalanine - aromatic side chain, asparagine - hydrophillic side
chain etc . . ) it is able to fit into both hydrophobic and hydrophillic environ-
ments, this makes it an ideal biomarker candidate as it could be found in a
whole range of inorganic environments. Glycine has, in recent years, become
an important molecule in astrobiology owing to its detection in carbonaceous
chondrites of several meteorites, as well as in the comet Wild 2 by the stardust
mission.35 This alone proves that it is able to withstand the extreme conditions
found in outer space, and as such it is a viable option for detection on the Mar-
tian surface. Phytol, a degradation product of chlorophyll and tetraether lipids
which make up the membranes of the archea.36,37 Further breakdown of phy-
tol can occur and as such isoprenol is also chosen for the present study. Both
isoprenol and phytol (Figure 1.5) contain a hydroxy functionality and as such
should be able to form hydrogen bonds with mineral surfaces.
Figure 1.5: Molecular structures of isoprenol and phytol
Meteoritic Biomarkers Organic matter can be delivered to a planetary sur-
face by interplanetary dust particles, comets and meteorite fragments.38 Poly-
cyclic aromatic hydrocabons (PAHs) account for >60 % of the organic content
of the Murchison meteorite,24 while PAHs have no direct role in terrestrial bio-
chemistry they are produced from biological organic matter by maturation once
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the material is buried. Consequently, the implication of PAH detection would
need to be carefully considered as it could be from both biogenic and abio-
genic origins on the Martian surface. Naphthalene, anthracene and naphthol
were selected for the present study (Figure 1.6). PAH molecules consist of
fused aromatic ring systems with no heteroatoms or substituents. PAHs are
lipophillic and as such they mix much better with lipids (i.e. oils) than with water.
It is for this reason that PAHs are usually found in soils and sediments. PAHs
can be of both anthropogenic (burning of fossil fuels39) and biogenic sources
(post-depositional degradation of biogenic precursors40) additionally PAHs of in-
terstellar origin have been discovered,41 this along with their persistance in the
geological record make them good candidates for discovery in extraterrestrial
environments. The existance of polycyclic aromatic hydrocarbons in space is
still not fully understood. They originate in large interstellar dust clouds where
it is thought they may freeze to dust surfaces forming mixed molecular ices.
These dust clouds are where planets and moons begin to form, and the content
of the ices make-up a large part of the organic molecule feedstock which may
contribute to the early chemistry and perhaps biochemistry on young planets.
In the interstellar medium these ices are bombarded by UV and cosmic rays
which allow chemical pathways to form more complex species. Functionalised
PAHs such as naphthol may represent a useful analogue molecule with greater
surface chemistry potential, through the hydrogen bond donor character of the
OH moiety.
Overall a total of 16 organic species were chosen for this study (Table 1.2),
as discussed these represent molecules with relevance to biological systems,
and each is a high priority target for detection on the surface of Mars.
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Figure 1.6: Molecular structures of some PAHs
Table 1.2: Molecular species chosen for study and their relevance
Molecule Class Relevance
Glycine Extant Amino Acid
Nucleobases (A, G, C, T and U) Extant DNA residue
Porphyrins (TPP, TPyP and Nme-
TPyP)
Extant/Fossil Light harvesting and electron
transport systems
Cholesterol Extant/Fossil Membranes
Stigmasterol Extant/Fossil Membranes
Isoprenol Fossil Degradation Product
Phytol Fossil Degradation Product
PAH (Anthracene, Naphthalene
and Naphthol)
Meteoritic Biological Breakdown/Abiogenic
Organic Molecule
17
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1.3 Strategy
A systematic strategy is required to ensure that the aims of the study are met.
After selecting materials (detailed in sections 1.2.2 and 1.2.3) an initial study
is aimed at evaluating the effect of organic adulterants on the crystallisation of
the mineral phases. This serves two purposes: first it will allow documentation
of any morphological/habit modification of the mineral phases as caused by or-
ganic molecules; secondly it will confirm that the organic molecules selected
are active with respect to surface interactions with the minerals. Following this,
a series of experiments to immobilise the organic species on the surface of the
minerals were undertaken. The assembled materials were used to develop a
Raman spectroscopic method capable of the in-situ detection of the immobilised
species. Once a suitable, robust methodology is developed it will be applied to a
second set of immobilised materials with an aim of characterising interactions at
the organic–inorganic interface. The final part of the spectroscopic development
will be centred around evaluating large datasets quickly and effectively while still
being able to detect the organic residue. In a departure from the spectroscopic
methodology development a series of experiments exploiting the intermolecular
bonding potential of DNA bases aimed at producing a number of multicompo-
nent complexes are carried out. The resulting complexes will be structurally
characterised and their Raman spectra evaluated. This series of experiments
allows all the aims of the study to be addressed fully.
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Chapter 2
Theoretical Basis of Vibrational
Spectroscopy
Spectroscopy is used to study energy exchange between matter and radiation.
Multiple types of spectroscopy exist all of which probe different properties of an
atom or molecule. In this chapter Raman spectroscopy is considered.
2.1 Molecular Motion
When considering the motion of a molecule (di- or polyatomic) it can be imag-
ined as a number of masses (N ) attached together by extendible springs. The
overall energy of a molecule consists of contributions from four components (vi-
bration, rotation, translation and electronic) relative to the other three terms the
energy change between electronic states is so large it is assumed here that
the molecule remains in a single electronic state. Molecular motion in three
dimensional space is described in terms of displacement along three mutually
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perpendicular axis (x, y and z) i.e. 3 coordinates, and therefore a molecule of
N atoms has 3N degrees of freedom.42 For a non-linear molecule all rotational
modes can be described as rotations around three axis, therefore along with
the three possible translational modes there are 3N − 6 remaining degrees of
freedom, which make up the vibrational ’normal modes.’ In linear molecules ro-
tation around its own axis is discarded as it does not result in a change to the
molecule and thus there is one more degree of freedom assigned to vibrational
modes i.e. 3N − 5. For example a molecule such as water (H2O) which is non
linear and contains three atoms there are three translational, three rotational
and three vibrational modes. It is important to note that the degrees of freedom
and therefore the number of molecular vibrations are dictated by the number of
atoms in the molecule. As such it can be drawn that molecular vibrations are
not random movements but are, in fact, well-defined displacements of individual
atoms denoted ”normal modes,” these normal modes are said to be character-
istic of an individual molecule.42 This description of vibrational modes applies
for molecules in the gas phase, the case for crystalline molecules is more com-
plicated. Strictly speaking the number of vibrational modes within a crystal is
infinite, the extra modes arise from interactions between molecules in the crys-
tal. To simplify matters the crystallographic unit cell* is taken and the number
of vibrational modes within that unit can be calculated. The total number of
modes in the cell is 3M − 3, where M is the number of atoms in the unit cell.
These modes are split in to internal and external (or phonon) modes, with B as
the number of molecules in the unit cell there are (3N − 6)B internal modes
and 6B − 3 phonon modes.42 The phonon modes often have a lower energy
*The unit cell is the simplest representation of a crystal.
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and therefore appear at a lower frequency than the internal molecular modes.
It is worth noting that all possible modes of a solid molecule will not appear
as single peaks in the vibrational spectrum, this is due to selection rules and
additionally multiple modes may appear under a single peak in the spectrum.
Consider the crystal structure of thymine (C5H6N2O2) which has 4 molecules in
its unit cell (15 atoms per molecule, 60 atoms in total) and will therefore have
156 (4((3× 15)− 3)) internal modes and 21 (6(4× 3)) external modes which to-
tals 177 vibrational modes (156 + 21 or (3×60)−3). As vibrational modes arise
from molecular motion it is helpful to consider where and how this motion arises.
To simplify molecular motion it is convenient to consider a diatomic molecule.
2.1.1 Vibrational Motion in a Diatomic Molecule
r
Atomm1 Atomm2
Figure 2.1: Graphical representation of a simple diatomic molecule
A diatomic molecule as depicted in Figure 2.1 can be thought of as two
masses connected by a spring. It is a standard assumption to consider that
when these masses are moved from their equilibrium position they are acted
upon by a linear restoring force (Hookes law (equation 2.1)).
F = −kx (2.1)
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The molecule undergoes an oscillating movement, i.e. when the nuclei are
close together inter-nuclear repulsion will force them apart until the repulsion is
too weak to force the masses apart and the restoring force of the spring pulls
them back together again. The total energy in this system is a sum of its poten-
tial and kinetic energies, when at its equillibrium position most of the systems
energy is kinetic, whereas at its compacted and stretched extremes most of the
energy is potential. Potential energy in the system is therefore a function of
equlibrium bond length (re) subtracted from instantaneous bond length (r ). This
value is knows as the vibrational coordinate and is denoted x. A plot of r versus
potential energy gives the vibrational potential energy function, and while the ex-
act mathematical function for the curve of a diatomic molecule is still unknown
the Morse potential energy function reproduces the curve well.43 The values of
potential energy in a Morse curve are given by a simple equation (2.2),
V (x) = De
[
1− e−αx]2 (2.2)
Where De is the dissociation energy of the bond, x is the vibrational coor-
dinate and α is a constant for a given molecule which governs the curvature at
the bottom of the well. When the values from this equation are plotted against r,
a potential energy curve (figure 2.2) is seen, this is only a model and will not be
in complete agreement with the actual potential energy curve. It does however
provide a reasonable representation of vibrational energy levels.
As only tiny variations in bond length are actually observed during vibra-
tions, only the section of the curve near the well is considered. This is better
approximated by a Taylor series expansion of equation 2.2 to give equation 2.3,
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V0 can often be neglected as it serves only as an offset on the energy axis,
also as the gradient at the bottom of the curve must be zero the leading term
in the expansion is the quadratic, this is plotted in figure 2.2. Both the Morse
potential and the quadratic term approximate the minimum of the well nicely but
start to fall apart at larger displacements.
The quadratic term in equation 2.3 corresponds to the differential of Hookes
law (equation 2.4) which gives potential energy;
F = −kx = −dV
dx
∴ V = 1
2
kx2 (2.4)
The potential energy of a chemical bond is therefore estimeated to a parabola
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Figure 2.3: Parabolic potential energy curves
near the minimum of the curve, this forms the basis for the understanding of the
vibrational modes of a diatomic molecule and is known as a simple harmonic
oscillator. Vibrational motion of the oscillator is confined by the limits of the en-
ergy curve and as such the energy levels are restricted to those which satisfy
the Schro¨dinger equation (figure 2.3b) and those are given by equation 2.543
E = hν(υ +
1
2
) (2.5)
Where; υ is the vibrational quantum number and ν is given by;
νosc =
1
2pi
√
k
µ
(2.6)
Equations 2.5 and 2.6 indicate that the energy levels are evenly separated
and are independent of the vibrational quantum number, equation 2.6 also al-
lows us to see that the harmonic frequency is inversely proportional to the re-
duced mass and proportional to the force constant, this gives rise to a prediction
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that vibrations involving large atoms or strong bonds will appear at the lower end
of the frequency spectrum and vice-versa.
If a molecule absorbs a single quantum of energy, E, which corresponds to a
vibrational frequency, ν, according to the relationship; E = hν (where h is planks
constant) then that particular vibration is excited. This vibrational frequency is
the difference (hνk) between two vibrational energy levels, i.e. the ground state
(i) and the first excited state (f )(Equation 2.7)42
hνk = hνf − hνi (2.7)
If the molecule absorbs two quanta of energy corresponding to a single vi-
brational frequency then the first overtone is excited, and so on. This is where
the simple harmonic oscillator approximation falls apart, in the approximation
the first overtone would have exactly twice the frequency of the fundamental. In
actuality, the vibrations are anharmonic and excitation of the higher overtones
requires progressively less energy and eventually leads to the dissociation of
the molecule. This is easily visualised in figure 2.4 on the same Morse curve as
in figure 2.2. As would be expected the lowest observed energy corresponds to
the equilibrium bond length (re). The horizontal lines within the curve represent
the vibrational levels of the molecule. So as can be seen a quanta of energy
will raise the molecule from its ground state (ν = 0) to the second level (ν = 1),
the subsequent levels require an extra quanta of approximately but not exactly;
twice, three times etc., the energy required to move the molecule from ground
(0) to the first excited state (1).44
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ν = 0
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ν-max
E
Internuclear Seperation (r)
Figure 2.4: A typical Morse curve for the electronic state of a molecule (Vibrational levels
shown as numbered horizontal lines)
2.1.2 Vibrational Modes and Raman Selection Rules
Earlier in the section an explanation of the calculation of number of vibrational
modes is given, each of these modes is one of a limited number of possible
motions: stretching; scissoring (bending); rocking; wagging or twisting (Table
2.1). If a given vibrational mode exists within a molecule it is not guaranteed
that this mode will exhibit Raman scattering. In order for a mode to be Raman
active (i.e. appear in the Raman spectrum) it must satisfy the Raman selection
rule. The gross selection rule states: for a vibrational mode to be Raman active
it must exhibit a change in polarizability (Figure 2.5a), this can be described
mathematically by;43
∂α
∂Q
6= 0 (2.8)
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where α is the molecular polarizability and Q is the normal co-ordinate. This
is a contrast to the infrared selection rule where the mode must exhibit a change
in the permanent dipole of the molecule (Figure 2.5b).
+- - +- -
Equilibrium State
+- -
Stretched StateCompressed State
(a) Raman active vibration
+
- -
DipoleDipole
Net Dipole Moment
+- -
Dipole Dipole
No Net Diploe Moment
(b) Infra-red active vibration (Left) and inactive vibration (Right)
Figure 2.5: Example of the differences in IR and Raman selection rules
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2.2 Scattering of Light
A note worthy consequence of the selection rules falls on molecules which
have a center of symmetry, in these systems the rule of mutual exclusion ap-
plies, this means that modes which are Raman active are IR inactive and vise-
versa. This does not however mean that a mode which is Raman inactive must
be IR active, modes which are both Raman and IR inactive are still possible.
2.2 Scattering of Light
In 1923 Smekal45 first hypothesized the phenomenon of inelastic light scattering.
The first recorded experimental observations of the effect were published by
Indian physicist C. V. Raman46 five years later in 1928. They observed that
when monochromatic light is incident on a molecule, a small proportion of the
light (typically 1 in 108 to 1010 photons42) is scattered off with its colour either red
or blue shifted. They found that the frequency difference between the scattered
light (νs) and the incident light (νi) is equal to the molecular vibrational frequency
(νmol−vib),
νmol−vib = νi − νs (2.9)
The frequency of the returned inelastically scattered radiation gives informa-
tion about the chemical structure of the molecule. This is now known as the
Raman effect.
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2.2.1 Raman Effect
When light interacts with molecules the majority of the photons are elastically
scattered in a process known as Rayleigh scattering, in Rayleigh scattering the
scattered photons have the same frequency as the incident photons. As men-
tioned above a small amount of photons undergo Raman scattering, where by
the scattered photons have a different frequency to the incident photons. This
is illustrated in figure 2.6 where the energy of the incident photon is hν0 and
the difference between E0 and E1 is h∆ν. This diagram refers to a virtual state,
there is infact no physical reality to this state however it is useful for visualising
the process. Raman scattering is split into two possibilities; Stokes and anti-
Stokes scattering. Stokes scattering occurs from the ground state (V = 0) to a
higher vibrational energy state (V = 1) and is caused by the adsorption of en-
ergy by the molecule. Anti-Stokes scattering occurs when the molecules are
already in an excited states (due to thermal energy) and scattering takes place
from an excited state (V = 1) to the ground state (V = 0) and is caused by the
transfer of energy to the scattered photos. The relative intensities of these two
processes is dependent on the number of molecules in the required state in the
sample, however the Stokes line is more intense than the anti-Stokes due to the
Maxwell-Boltzmann distribution law.
2.3 Raman Instrumentation
The first Raman spectrum published in 192846 was that of benzene and was
recorded on a prism spectroscope by illumination of the sample with a filtered
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V = 0
V = 1
h∆V
Virtual States
E0 + hν0
E1 + hν0
hν0 h(ν0 −∆ν) h(ν0 +∆ν)
S0
S1V = 0
V = 1
Figure 2.6: Schematic representation of Rayleigh (blue) and Raman (red and green) scat-
tering
quartz mercury arc lamp (Figure 2.7). This first simple system provided the
basis on which modern Raman instrumentation is built.
In the time of Raman, the main challenge of recording spectra came from
trying to record a signal which is six to eight orders of magnitude weaker than
the excitation signal, conversely the problems encountered today, i.e. flores-
cence and stray light, did not pose a problem as samples were purified to a
huge extent, often taking months to prepare. Between the 1950’s and 1970’s
technological advances made the acquisition of Raman spectra much easier,
this included: the application of photoelectric detection (c.a. 1950’s) to Raman
instrumentation which allowed the optimisation of the signal to noise ratio; the in-
troduction of gratings as dispersion elements and the use of a laser as an excita-
tion source. These advances allowed for the first easy-to-use analytical Raman
instrument, the Cary 81 spectrometer.47 Since that first easy-to-use spectrome-
ter technology has advanced to such a level that Raman spectrometers are now
common place in all manor of analytical laboratories. Modern instrumentation is
able to make use of various laser wavelengths and utilise CCD camera detector
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Figure 2.7: Spectra of benzene through a blue filter. Top - incident spectrum of benzene,
bottom - scattered spectrum46
technology, this coupled with advanced optics and effective diffration gratings
has made the instruments extremely effective and high pricision. One other im-
portant technology worth note, is the introduction of the microscope to Raman
spectroscopy first argued by Delhaye and Migeon in 1966,48 it is now common
for commercial Raman systems to include a light microscope, and it is also
becoming increasingly common to couple Raman instruments with other tech-
niques in hyphenated technology i.e. advanced microscopy (SEM-Raman,49
AFM-Raman50), thermal analyses (DSC-Raman51).
A schematic of a typical modern Raman and microscope system is displayed
in figure 2.8, this is representative of the system used in this work.
The laser radiation enters the unit from the bottom right corner. The radia-
tion first passes through a filter wheel (1), which is used if a reduction in power
is required. The beam is then filtered spectrally (2) and spatially (3). Mirrors (4
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Figure 2.8: Schematic diagram of a dispersive Raman spectrometer52
and 5) then direct the beam to the microscope where it is directed into the mi-
croscope. The beam is then directed by mirrors within the microscope, through
an objective lens on to the sample, scattered radiation is then collected by the
objective lens (180 ◦ backscattering geometry) and passed back through the
notch filter (6), which will remove any Rayleigh scattered radiation (Figure 2.9).
The remaining Raman scattered radiation is passed through the spectrograph
entrance slit (7) and passed via a reflecting prism (8) onto the diffraction grating
(9) which seperates the radiation into its constituent wavelengths. The radiation
is then reflected back onto the prism (8) and then onto the CCD detector (10)
Considerations Related to Instrumentation As with any modern analytical
technique an understanding of the theory or the technique is important to ensure
the maximum amount of data is gained from sample evaluation. A number of
parameters exist that can be varied when carrying out Raman analysis. These
relate to both the hardware and chemical/physical components of the Raman
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Figure 2.9: Scattered radiation allowed and removed by a notch filter
experiment.
Laser Wavelength and Power Excitation wavelengths ranging from deep UV
to near IR (Table 2.2) can be used for Raman experiments. One of the main ad-
vantages of having a selection of wavelengths to chose from is the ability to tune
the laser to the specific sample and therefore omit broadband emissions such
as florescence. Additionally a choice of laser allows signal enhancement by res-
onance Raman to be investigated for samples, this mechanism is explained in
greater detail later.
Table 2.2: Laser wavelengths suitable for Raman experiments
Ultra-violet Visible Near infra-red
244 nm 457 nm 785 nm
257 nm 473 nm 830 nm
325 nm 488 nm 980 nm
364 nm 514 nm 1064 nm
532 nm
633 nm
660 nm
The choice of laser wavelength has an important impact on the experimen-
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tal capabilities of the analysis. Three main considerations must be made when
selecting the laser wavelength: (i) sensitivity; (ii) spatial resolution; and (iii) re-
sponse of sample. The scattering intensity is proportional to the negative fourth
power of the laser wavelength;53
I ∝ λ−4 (2.10)
Therefore an infra-red laser results in a decrease of scattering intensity by a
factor of>15 when compared to a blue/green visible laser. The diffraction limited
laser spot size can be calculated from experimental parameters, this is again
influenced by laser wavelength;54
 = 1.22λ
NA
(2.11)
where; λ is laser wavlength in nm and NA is the numerical aperture of the
lens. As an example for a 20x/0.40 lens the theoretical sport size for a red
830 nm laser is 149 µM whereas a blue 488 nm laser gives a spot size of
253 µM. As well as theoretical considerations the sample type/response also
governs which exitation wavelength is appropriate:55 (i) UV lasers are usually
appropriate for resonance Raman of bio-molecules such as proteins and DNA
chains; (ii) red or NIR lasers are usually selected for organic molecules and
also for supression of flourescence and SERS experiments; and (iii) blue/green
lasers are often selected for inorganic samples, resonance and SER Raman
experiments. As Raman signal is directly proportional to the laser power, it
is clear that the higher the laser power used the more Raman signal will be
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observed. Best practice therefore dictates that full laser power should be used
wherever possible, this however is not always ideal, lower laser power allows the
interrogation of samples which may burn under full power, as well as samples
which are strong Raman scatterers (so strong that their signal saturates the
CCD camera) to be recorded.
Exposure Time vs Number of Exposures The sample can be exposed to
the laser radiation for varying amounts of time. It is important that a user is
able to recognise the signs of over exposure such as sample burning, CCD
saturation etc. In the basic Raman experiment exposure time may be tuned to
improve signal to noise ratio of Raman response. In addition to increasing expo-
sure time numerous accumulations can be made and co-added to give the final
spectrum. This yields the same benefit as longer exposure time i.e. reduces
the signal to noise ratio. The choice of longer exposure and few accumulations
or shorter exposure and more accumulations depends on the type of sample,
and also the type of noise being observed. The two main causes of noise in
the Raman spectrum are read noise and shot noise. The latter is a result of
the CCD charge being digitised and converted into a spectrum, the former is
proportional to the intensity of the signal (either Raman or fluorescence). Us-
ing this information it can be concluded that a sample exhibiting little shot noise
will be better recorded with fewer longer exposures as this will result in fewer
read operations. Advanced techniques involving exposure time include limiting
florescence by using sub nano second pulsed lasers and also in some cases by
photobleaching of the sample.
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Aperture The aperture (or entry slit) of the system controls how much of the
Raman scattered light is admitted onto the spectrograph. The optimum setting
for the aperture is one which allows the most light onto the spectrograph with
minimal spectral distortion. The minimum spectral linewidth which a spectro-
graph is able to resolve is defined by;56
SLW (nm) = RLD(nm/mm)× SWD(mm) (2.12)
where; RLD is the reciprocal linear dispersion of the grating and SWD is the
slit width. In normal analysis a resolutions of 4 or even 8 cm−1 usually suffices
and allows a good balance between analytical information and signal to noise
ratio. It is important to remeber that a large aperture will allow the acquisition of
spectra from weak Raman scatters with only a slight loss in spectral resolution.
2.4 Data Analysis
Prior to any data collection on instruments were calibrated using the 520.5 cm
−1 peak of a silica specimen. Data files were saved from the WiRE 3 software
in the native .wxd format, prior to individual spectral manipulation the files were
converted to .spc files for use in the Thermo Grams AI suite of programs. Four
main manipulations were performed on the data files, these were: baseline cor-
rection; normalisation; smoothing and peak fitting. A short description of each
is given below;
Baseline Correction Spectra with an elevated baseline were the ones which
required baseline correction, an elevated baseline was identified as one with
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(c) Example Spectrum Requiring
Multi-point Baseline Correction
Figure 2.10: Examples of Spectra and Methods of Baseline Correction Needed
regions of intensity greater than 20 % of the maximum peak height. Pictoral
examples of elevated baselines can be seen in figure 2.10.
In figure 2.10a the baseline is acceptable as the first and last point are of
equal intensity. For figure 2.10b the first and last points are in a straight line and
therefore a simple two point correction would suffice, in figure 2.10c a straight
line will not suffice and thus multiple points must be used.
Normalisation After baseline correction spectra could be normalised, this pro-
cess involves the dividing the whole baseline corrected spectrum by the inten-
sity of the most intense peak. This is advantageous in two situations: the first
when multiple spectra recorded over different runs and from different samples
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are required to be displayed together, and the second when quantitative data is
required. In the second scenario an internal standard is used and the spectrum
is normalised to the most intense peak of the internal standard. This allows
relative intensities of the sample peaks to be easily measured.
Smoothing Small noise peaks were removed from the spectra by a Fourier
smoothing operation in Thermo Grams AI. This function applies a Fourier trans-
form to the data, runs the transformed data through a triangular filter function
and then finally applies a reverse Fourier transform.
2.5 Enhancement of Raman Signals
As Raman scattering is relatively weak (around one in every 108–1012 molecules
undergoes Raman scattering), it is not convenient to use the technique for mea-
surements of small amounts of molecules. In order to allow the use of Raman
under those conditions various ways to enhance Raman scattering are known,
these are surface enhanced Raman spectroscopy (SERS) and resonance Ra-
man spectroscopy (RRS) these techniques can also be combined to make sur-
face enhanced resonance Raman spectroscopy (SERRS).
2.5.1 Resonance Raman Spectroscopy
Resonance Raman scattering is a phenomenon observed when the energy of
incident and scattered photons have the same energy as electronic transitions
of the molecule (Figure 2.11). When this happens the virtual state becomes
resonant with a real electronic level of the molecule, this results in an increase
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in the scattering efficiency of the molecules. This resonance Raman scatter-
ing (RRS) is observed in any molecule which absorbs in a region close to the
excitation wavelength.
S0
S1
ν-1
ν-2
ν-3
ν-1
ν-2
ν-3
Figure 2.11: Simplifed Joblonski diagram of resonance Raman scattering (RRS). Raleigh
scattering - blue, Stokes Raman scattering - Red and anti-Stokes Raman scattering - green
2.5.2 Surface Enhanced Raman Spectroscopy
The first reported observation of surface enhanced Raman spectroscopy (or
SERS) was by Fleischmann et al57 in 1974, when recording the Raman spec-
trum of pyridine on roughened silver. At the time they did not notice the huge
enhancement effect and attributed the large signal as a function of the amount
of molecules absorbed on the surface. The enhancement was recognized in
1977 by Jeanmaire and Van Duyne58 but also independently by Albrecht and
Creighton,59 both groups recognized that the abnormally large Raman signal
could not be accounted for by the concentration of the scattering molecule. Each
group postulated a different mechanism for the enhancement, both of which
are still accepted today and covered in more detail below (Sections 2.5.2.1 and
2.5.2.2 respectively).
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2.5.2.1 Jeanmaire and Van Duyne’s Electromagnetic Enhancement The-
ory58
Electromagnetic enhancement is in essence a redistribution of an electromag-
netic field around the SERS substrate, resulting in regions of localised high field
intensities. The effect arises through resonance of light (excitation source) with
the surface plasmons of the metal. In simple terms a plasmon is the oscillation
of an electron cloud against the fixed positive ions of the metal. Resonance
occurs when the frequency of the incident light nears the frequency of the plas-
mon, this results in a strong electromagnetic field intensity for a fixed space
close to the metal particle surface. Should a molecule be present in this space it
is excited by a more intense field and therefore produces an enhanced Raman
signal. The enhancement felt by the molecule is approximated as E4, this is
where the enhancement, E, is the product of the enhancements caused by the
increased intensity of the incident light (νi, which excites the Raman modes of
the molecule) and the increased intensity of the output (νs, Raman scattered)
light, enhancement in each case is E2.
This type of enhancement requires the refractive index, nω, of the metal to
meet two criteria:
1. The dielectric constant, (ω), must have a negative real part (preferably
large (in magnitude) and negative); and
2. A small imaginary part of (ω)
The metals which best meet this criteria are coinage metals (Cu, Ag and
Au), and as such these are the metals which prevail in the current body of work
based around the SERS effect.
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2.5.2.2 Albrecht and Creighton’s Charge Transfer Enhancement Theory59
In addition to the electromagnetic enhancement which has been discussed, an-
other mechanism takes place in SERS, this is the chemical enhancement. This
mechanism requires direct interaction of the analyte to the SERS substrate to
form highly scattering co-ordination complexes. Evaluation of this effect has
concluded that the greatest contribution to the enhancement in this mechanism
arises from charge transfer and electronic coupling,60,61 which leads to a larger
Raman cross section of the analyte in the complex compared to the cross sec-
tion of the analyte in the bare Raman experiment.62,60
2.5.3 Surface Enhanced Resonance Raman Spectroscopy
The two enhancment techniques (RRS and SERS) described above are able
to be used concurrently to allow an even higher order of enhancement. Many
SERS probes are chosen as they exhibit RRS,63 the majority of these are dyes
which have a Resonance Raman contribution in the visible section of the EM
spectrum.64
2.6 Raman Spectroscopy for Astrobiology
Raman spectroscopy has been shown to be a promising tool for remote explo-
ration.65 The major advantages of Raman as a technique for remote exporation
include: non-destructive analysis; no specific preparation is required, it provides
reliable, specific and sensitive analysis66 and it is also suitable for insitu analy-
sis.67 Raman has proved to be effective in structural and molecular characteri-
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sation.68 There is much reported use of Raman spectroscopy for identification
of: minerals,69,70,71,72 biomarkers73,74,71 and microbial pigments.75,76,77
43
Chapter 3
Literature Review
The following chapter presents a review of the literature based around the min-
erals chosen for study (See section 1.2.2.1). The review will cover introductory
material regarding the mineral, surface chemistry of the mineral, methods of
synthesis of the mineral and Raman spectroscopy of the mineral.
Evidence of minerals on the surface of Mars comes from two main sources
of remote detection; (i) planetary orbiters; and (ii) surface landers. Mapping of
the distribution of aqueous mineral phases on the surface of Mars has been im-
proved recently with an increase in spatial resolution of orbital measurements.78
Much of the evidence gained by examination of large datasets from Mars or-
biters allowed the identification of target landing sites for the various surface
landers. Minerals chosen for the present study represent the subgroups of
“aqueous minerals” which include iron oxides and oxyhydroxides, carbonates,
sulphates and phyllosilicates.15,16,17 Specific minerals chosen were (i) calcite
and dolomite from the carbonates, (ii) akaganeı´te and goethite which are iron
oxyhydroxides, and (iii) montmorillonite which is a phyllosilicate.
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3.1 Carbonate Minerals
Carbonate minerals comprise of a carbonate (CO3
2−) ion and a cation or cations
with a charge of 2+; (i.e.Ca, Mg, Cd, Mn . . etc.) Structurally anhydrous carbon-
ate minerals fit into two groups; the calcite or rhombohedral system (i.e. Cal-
cite CaCO3 and Magnesite MgCO3) and the aragonite or orthorhombic group
(i.e.Aragonite CaCO3 and Cerussite PbCO3). Carbonates with compound for-
mulae such as dolomite (CaMg(CO3)2) and Ankerite (CaFe(CO2)3) belong to the
rhombohedral group.
3.1.1 Rhombohedral Carbonates
The structure of rhomobhedral carbonates consist of alternating layers of car-
bonate ions and layers of cations along the c-axis.79 The calcium ions and the
carbon of the carbonate group lie on the trigonal axis and a centre of symmetry
is present due the orientation of the two carbonate ions relative to each other.80
Dolomite is structurally similar to calcite with a hexagonal structure. Each cation
is co-ordinated by six oxygens which form an octahedron. In dolomite each
CO3 radical is associated with either a calcium ion or a magnesium ion as the
structure consists of alternating layers of the cations.80,81
3.1.2 Orthorhombic Carbonates
Aragonite group minerals are orthorhombic. The difference in structure from
the calcite group is attributed to the difference in cation size, with calcium being
an intermediate size which can fit into both structures.82 In a similar manor to
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calcite, aragonite has alternating layers of Ca2+ and CO3
2− groups. The cation
layers however have alternating atoms which are displaced by approximately
0.5 A˚, this causes them to be non-planar.83 The calcium ion of aragonite has a
coodination polyhedron of nine oxygens unlike the six of calcite ion.
3.1.3 Carbonates on Mars
The first unequivocal evidence of carbonate existence on the surface of Mars
did not come until 2008 when the MRO-CRISM (Mars Reconnaissance Orbiter
- Compact Reconnaissance Imaging Spectrometer for Mars) team reported the
first confirmed infra-red signal from carbonates.84 Prior to this the only evidence
of Martian carbonates came from their presence in Martian meteorites. Five me-
teorites, ALH 84001, Nakhla, Governor Valadares, Lafayette and EETA 79001,85
have been extensively studied and the Martian carbonates found within are the
most characterised and well understood. The carboantes within these rocks
cover a range of chemical compositions from; calcite (CaCO3) to magensite
(MgCO3) to siderite (FeCO3).
86 Since the MRO-CRISM team reported the dis-
covery of carbonates on the surface they have been confirmed in-situ by both;
the phoenix lander87 and the spirit rover.88 The existence of carbonates in a
large range of settings on Mars has been proven by direct surface studies, this
has also shown that they occur as local deposits87,88 which suggests limited
water availability and localized hydrothermal environments existed in the mid-
Noachian era, and that films of transient water between this era and present
are responsible for carbonate formation. A review by Niles et al89 covers the
implications of carbonate discovery and the varied and ever-changing theories
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of what their presence means for the past environment on the red planet.
3.1.4 Raman Spectroscopy of Carbonates
Raman spectroscopy has been used to identify many carbonate minerals, of
biogenic and abiotic origin.90,91,92,93 Contributions to the Raman spectrum of
carbonate minerals are made by vibrations of the (CO3)
2− group and by the
Metal-Oxygen vibrations. In the case of hydroxy carbonates and hydrates con-
tributions also come from various vibrational modes of the hydroxyl moiety. The
(CO3)
2− group has 3 Raman active modes of vibration, the most intense being
the ν1 non-degenerate symmetric stretch, which appears at ca. 1064 cm−1 in
the spectrum of the free ion. This band however is not polymorph sensitive and
as such in the case of calcium carbonates, can be not be considered diagnos-
tic of the polymorph present. For example in the Raman spectrum of calcite,
aragonite and vaterite the ν1 band appears at 1084 cm−1 however, polymorph
discrimination is possible through the ν4 band93 which is assigned to the in-plane
bending mode and appears at 711 cm−1, 700 cm−1 and 750 cm−1 respectively.94
3.1.5 Synthesis of Calcium Carbonate
Calcium carbonate is an important material in biological and geological studies.
Calcium carbonate exists in 6 forms: amorphous calcium carbonate; three an-
hydrous polymorphs - calcite, aragonite and vaterite; and two hydrated forms -
monohydrate and hexahydrate.95 The most observed forms in nature are: cal-
cite and aragonite
The synthesis of calcium carbonate is easily achievable by precipitation from
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solutions which are saturated with respect to Ca2+ ions and CO3
2− ions,96,97,98,99
however often careful control of temperature, pH and time the solid is left to
mature in solution are required for polymorphic control.100 In addition to pre-
cipitation methods, calcium carbonate phases can be grown by hydrothermal
methods,101,101 by bubbling carbon dioxide gas through solutions saturated with
calcium ions102,103 or by templating using organic molecules95 and various sur-
faces104
3.1.6 Surface Chemistry of Calcite and Dolomite
Calcite and dolomite show a strong affinity for the adsorption of small, polar
organic molecules.105 The major factor concerning the surface chemistry of
all carbonates is the distribution of surface carbonate and hydroxyl (hydrated
carbonate) groups. Titration and electrokinetic studies106 allowed surface com-
plexation models107 to be developed which suggest the proportion of two pri-
mary hydration sites; (i) MOH, where M = Ca2+, Mg2+; and (ii) CO3H have a
1:1 stoichiometric ratio.107 The surface complexation model allows the assump-
tion that the following species are present on the surface; MOH2
+, MOH, MO–,
MHCO3, MCO
–
3, CO3M
+, CO3
− and CO3H, these groups have been both inferred
by surface titration and dissolution rate studies108 and observed directly by in-
frared spectroscopy.109 The variation of surface moieties allow both hydrogen
bond donor and acceptor character, allowing the sorption of various molecular
species110,111
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3.2 Iron Oxyhydroxides
Various iron phases were among the first suggested for the surface of Mars (Ta-
ble 3.1), this was due to the red colouration of the planet which was attributed
to their presence, and also the fact they were known to form in alteration sys-
tems on Earth.112 It has been determined that the Martian surface does con-
tain approximately 20 % by weight of Fe3+ mostly in the form of iron oxide
and oxyhydroxides.113,114,115 The main iron phases of which are; haematite and
goethite116,117 which have been identified by: ultaviolet, infrared, near-infrared
and Mo¨ssbauer spectropscopies on various Martian orbiters.118,119 The confor-
mation of these phases came from in-situ measurements of the Viking 1 and 2
landers (Chryse Planitia and Utopia Planitia 1976), Mars pathfinder (Ares Val-
lis 1997) and finally MER Spirit and Opportunity (Gusev Crater and Meridiani
Planum, respectively).9
Table 3.1: Iron minerals confirmed on the surface of Mars
Nomenclature Forumla
(Titano)magnetite Fe3−xT ixO4
Maghemite γ-Fe2O3
Hematite α-Fe2O3
Goethite α-FeOOH
Lepidocrocite γ-FeOOH
Akagane´ite β-FeOOH
Feroxyhyte δ-FeOOH
Ferrihydrite 5 Fe2O3 · 9 H2O
Schwertmannite Fe8
3+O8(OH)6SO4
Iron (III) forms various oxides and hydroxides. Iron (II), however, forms only
one; the pyrophoric white rust (Fe(OH)2). The figure (fig 3.1) shows the phase
relationship of the various iron compounds as revealed from the literature.120,121
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Fe2+ Fe(OH)2 FeO Fe
White Rust Wüsite
Fe3+
Fe(OH)3
FeOCl
β − FeO(OH) δ − FeO(OH) α− FeO(OH) γ − FeO(OH)
Green Rust I Green Rust II
Akaganéite Feroxyhyte Goethite Lepidocrocite
α− Fe2O3 γ − Fe2O3 Fe3O4
Haematite Maghemite Magnetite
Figure 3.1: Phase relationship of iron compounds. Adapted from Weckler et al120
3.2.1 Goethite on Mars
Goethite was the second mineral identified on Mars by its spectroscopic proper-
ties.117,119 The first in-situ discovery of this phase was by the MER spirit mo¨ss-
bauer spectrometer, in columbia hills’ altered outcrops (Clovis Rock).122 Martian
meteorites have also been found to contain preterrestrially altered goethite.86
However goethite is not thermodynamically stable under current Martian condi-
tions,123,124 and so its formation is assumed to have taken place in the primative
CO2 and H2O rich atmosphere. Its presence is attributed to slow transformation
kinetics making it a long time-scale metastable phase.125
3.2.2 Synthesis of Goethite
Goethite is prepared synthetically exclusively by precipitation from solution. Syn-
thetic goethite displays two crystal habits, these are: acicular and twinned.126
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Modified crystal habits have been observed by the introduction of foreign ions
during growth.127
Multiple methods exist in the literature for the preparation of goethite. Atkin-
son et al126 simply aged a solution of hydrolyzed ferric nitrate at room temper-
ature for 24 hours to produce acicular goethite particles of 0.02 – 0.8 µm, this
simple method is common place in the literature.128,129 Jang et al130 observed
the transformation of hydrous ferric oxide to goethite in the presence of various
metal chlorides. Goethite is also formed by the oxidation of iron (II) hydroxide
or iron (II) salt solutions with the later being the patented ”Pennimann-Zoph”
process131 which includes the use of FeOOH seed crystals to catalyse goethite
formation. Other methods include alkali precipitation and gas oxidation of iron
(II) sulphate solutions,132,133 reduction of nitrobenzene with iron in the presence
of aluminium chloride,134 hydrolysis of ferric oxalate solution in the presence of
sodium bicarbonate135 and the hydrolysis of ferric chloride.136
3.2.3 Akagane´ite on Mars
Spectra obtained from the Mars pathfinder contained bands which could be ex-
plained by akagane´ite.113,119 Additionally mo¨ssbauer spectroscopy in Gusev
crater showed a nanophase paramagnetic (oxy)-hydroxide, which it is also sug-
gested is attributable to akagane´ite.119 There is the possibility that akagane´ite
is present in large quantities in the Martian regolith.9
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3.2.4 Synthesis of Akagane´ite
Akagane´ite is typically formed from hydrolysis of aqueous iron (III) solutions.
This has been carried out under a wide range of conditions, ranging from; dilute
to concentrated solutions, room temperature to high temperature and pH 1.2 to
8.137,138,120,139,140,141 This type of synthesis typically leads to a largely crystalline
product (as characterised by sharp XRD peaks). The crystals are approximately
30 nm in length and elongated in the c-direction and have a tetragonal unit cell.
These products have a surface area of approximately 30 m2g−1.
The hydrolysis following partial neutralization of iron (III) solutions gives dark
brown, products which have very broad XRD peaks due to the small size of
the crystals142 and also have large surface areas of approximately 100 m2g−1.
Examples include hydrolysis of FeCl3 solutions with sodium hydroxide,
143,126,144
sodium bicarbonate145 and sodium sulfate.146
Other preparative methods of note include: direct precipitation from FeCl3
and K2CO3;
147 damp oxidation of FeCl2 · 4 H2O crystals148 and dry air oxidation
of β−Fe2(OH)3Cl.148,149
Akagane´ite had not been prepared in a basic environment (above pH 5) until
Deliyanni et al ,150 it was thought until then that at a pH above 5 the hydroxide
ion was more competitive for structural sites than the chloride ion.142 Deliyanni
et al150 reported the successful synthesis of nanocrystalline akagane´ite at a pH
of upto 8 during hydrolysis.
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3.2.5 Raman Spectroscopy of Iron Oxides
Iron oxide (and oxyhydroxide) polymorphs are the main products of iron cor-
rosion.151 These are traditionally discriminated by methods such as: X-Ray
diffraction, infrared absorption spectrometry and electrochemical methods. Ox-
ides and oxyhydroxides of iron strongly absorb infrared light but are poor light
scatterers.66 This explains the bias in literature toward infrared spectroscopic
studies of iron oxides over Raman spectroscopic studies. Despite this Raman
spectroscopy has the distinct advantage of requiring no sample preparation and
also being able to perform analyses in-situ.
Raman spectra for the most common iron oxidation products have been
recorded and fully characterised; FeO, Fe3O4, α−Fe2O3, α−FeOOH, γ−FeOOH
were investigated by Thibeau et al ,152 hematite and magnetite were also stud-
ied in depth by Hart et al153 who presented a precise and complete assign-
ment. Reguer154 has presented the reference spectrum and subsequent as-
signment for akaganeite (β−FeOOH). Beattie and Gibson155 presented work
on the effects of orientation of a single crystal, on the Raman spectrum of
α−Fe2O3. A number of other authors have presented work involving the Ra-
man spectroscopy of iron oxides including: Shebanova and Lazor,156 Thierry
etal ,157 Du¨nnwald and Otto,158 Bonin et al ,159 Oh et al ,160 Neff et al ,161 Glotch
and Kraft162 and Oblonsky and Devine.163 All of the cited studies present Raman
spectra of some iron oxides, most utilized a high laser power (>100 mW). This,
while giving rise to good spectra may also induce degradation/thermal trans-
formation of the iron oxide sample. For example Thibeau et al152 found that the
spectra of FeO and Fe3O4 were very similar, they interpreted this as decomposi-
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tion of FeO under the laser. DeFaria et al66 undertook a study using lower laser
power (ca. 0.7 mW ) and found that under these low powers spectra of FeO
and Fe3O4 are in fact distinguishable, as are spectra of Fe3O4 and γ−Fe2O3 a
finding which is contradictory to the findings of Oblonsky and Devine.163
3.2.6 Surface Chemistry of Iron Oxyhydroxides
Both goethite and akagane´ite surfaces are dominated by surface -OH groups
which are coordinated to one (-OH) two (µ−OH) or three (µ3-OH) underlying
iron atoms.164 In addition to its surface active groups, akagane´ite has a tunnel
structure (opening ca. 0.16 nm2) which contains a small proportion of terminal
-O and bare Fe groups.165 Multiple studies have shown that iron oxyhydroxides
are capable of sorption of both organic166,167 and inorganic matter.168 Organic
adsorption consists primarily of carboxylic acids, where adsoption is believed
to take place through binding of the de-protonated COO– moiety to either: Fe
atoms at the surface or by H-bonding to -OH groups on the oxyhydroxide sur-
face.169,170,167
3.3 Clays
Clays are secondary minerals which are formed by hydrothermal altering or
weathering of rocks.82 As alteration is a gradual process, clays are often found
in mixtures. Clay minerals are hydrous aluminium phyllosilicates which con-
tain different amounts of cations including (but not limited to): iron, magne-
sium and group 1/2 elements. Structurally clays are composed of tetrahedral
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and octahedral sheets, and are generally described as 1:1 and 1:2, with the
former consisting of one tetrahedral and one octahedral sheet and the latter
being an octahedral sheet sandwiched between two tetrahedral sheets. Clays
exist in groups with generalised formulae, these include: the smectite group
(A1/3D2−3[T4O10]Z2 · nH2O) and the serpentine group (D2[Si2O5](OH4)± nH2O)
among others. Common members of these groups are: montmorillonite, non-
tronite and saponite; and dickite, halloysite and kaolinite respectively.
3.3.1 Clays on Mars
Clays have been identified in various widely separated locations on the Martian
surface, including Fe/Mg phyllosilicates found in regions surrounding Mawrth
Vallis and Nili Fossae and in scattered outcrops in other regions of the Noachian-
aged highlands. Bedrock units with smectite clays, including Fe-rich nontron-
ite in Nili Fossae and both nontronite and Al-rich montmorillonite surrounding
Mawrth Vallis, were identified beneath units of unaltered rock.171,172,173,174 Clays
have also been identified in other areas including Eridania basin,175 Noachis,176
and in the walls of Valles Marineris177 possibly indicating a globally widespread
distribution.
3.3.2 Raman Spectroscopy of Clays
There is a relative scarcity of data on Raman studies of clay when compared to
that of other minerals. This is possibly due to the difficulty of acquiring Raman
spectra of clay minerals owing to the negligible changes in polarisability of Si−O
and Si−O bonds.178 The clay class of compounds also have a low scattering
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cross-section and as such do not display strong Raman spectra.
Despite these challenges, data on Raman studies of clay minerals are avail-
able, these studies are undertaken using FT-Raman spectroscopy and high
wavelength lasers (i.e. 632.5 nm). Examples include studies on: kaolins (kaoli-
nite, halloysite, nacrite and dickite),178,179 montmorillonite69,180 and illite.181,182
3.3.3 Inter-layer Chemistry of Clays
Clay minerals typically have a large surface area and additionally have an expan-
sive, electrically charged surface which results in the accumulation of inorganic
and organic ions. Exchangeable anions within the interlamellar space of clays
balance the surface charge, but as their name suggests they are able to be ex-
changed for other anionic species.183 Organic and inorganic components are
held together through hydrogen bonding, van der Waals or ionic interactions.184
The exchange of the anions or “intercalation” allows the formation of hybrid ma-
terials, these are of interest to the astrobiological community as the clays may
provide a sheltered environment where organic molecules may be shielded from
harmful UV and X–Ray radiation.185 Many studies have investigated the interca-
lation of small and large biological organic molecules including amino acids186
and DNA chains.187
3.4 Conclusion
Literature around the mineral phases chosen for study has been presented.
The relevance of each phase has been investigated and shown, as has the
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precedence for each phase to be active with respect to the adsorption (or in-
tercalation) of the molecular targets chosen. Additionally previous work on the
Raman spectroscopy of these materials has been presented and shows that
assignments of the vibrational modes of materials are available for comparison.
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Experimental
4.1 Materials
Table 4.1 shows a list of chemicals used, their supplier and their specifications.
All chemicals were used without further purification, unless stated.
4.2 Instrumentation
A variety of analytical instrumentation has been utilised throughout the course
of this project the following sections (4.2 to 4.3) describe these instruments and
how they were used.
4.2.1 Characterisation
The various instrumental methods used to characterise materials are introduced
in the following section.
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Table 4.1: List of chemicals, suppliers and specifications. RG = reagent grade
Reagent Formula Supplier Purity
Adenine C5H5N5 Fluka RG
Adenine C5H5N5 Sigma RG
Anthracene C14H10 Aldrich 99
Benzoic Acid C7H6O2 Fluka RG
Benzoic Acid C7H6O2 Sigma-Aldrich ≥ 99.5
Calcite Ca(CO3)2 Alfa Aesar Natural Mineral
Calcium Chloride CaCl2 Sigma 93
Cholesterol C27H46O Sigma 95
Cytosine C4H5N3O Sigma >95
Dolomite CaMg(CO3)2 Alfa Aesar Natural Mineral
Egrosterol C28H44O Sigma 95
Glycine C2H5NO2 Sigma RG
Goethite FeO(OH) Fluka RG
Guanine C5H5N5O Aldrich 98
Iron (III) Chloride FeCl3 Sigma-Aldrich RG
Isoprenol C5H10O Aldrich RG
Magnesium Chloride MgCl2 Sigma RG
Naphthalene C10H8 Aldrich 99
Napthol C10H8O Sigma-Aldrich RG
Phytol C20H40O SAFC RG
Pyrene C16H10 Aldrich 98
Sodium Carbonate Na2CO3 Sigma ≥ 99.5
Stigmasterol C29H48O Sigma 95
Thymine C5H6N2O2 Sigma RG
Uracil C4H4N2O2 Sigma RG
Urea CH4N2O Aldrich 98
4.2.1.1 Powder X -Ray Diffraction
Powder X -ray data were collected on either; a Bruker D8 or a Siemens D5000
diffractometer. The experimental parameters (scanning range, step size and
collection time) were selected based on the sample type and the information
required. X-rays of wavelength 0.154 nm were emitted from a Cu X -ray tube
(voltage 40 kV, filament emission 30 mA).
Both instruments were set up in a Bragg-Brentano geometry (fig 4.1), the re-
civeing slit and scatter slit were 1 mm and 0.1 mm respectively. Each instrument
was subject to routine calibration versus a corrundum standard. The diffrac-
tometer control computers were running the Bruker XRD Commander software,
data was manipulated using Bruker Evaluation and Thermo Grams AI software,
figures for display were created in QTI Plot188
59
4.2 Instrumentation
Detector
Detector Slit
Divergence Slit
X-Ray Tube
Monochromator
Antiscatter Slit
2Θ Θ
Sample
Figure 4.1: Bragg-Brentano diffractometer schematic
4.2.1.2 Infra-red Spectroscopy
Infra-red spectra were recorded on either: (i) a Digilab Schimitar S-Series FT-IR
spectrometer. Prior to spectral acquisition a background spectrum was recorded.
Data was exported in the standard SPC format and figures for display were cre-
ated in QTI Plot;188 or (ii) a Perkin Elmer Spectrum 100 FT-IR spectrometer fitted
with a Perkin Elmer Universal ATR sampling accessory. Prior to use the ATR
crystal was cleaned using methanol and a background spectrum was recorded.
Instrument control was via a desktop computer running the Perkin Elmer Spec-
trum Control Software. Data files were exported as a standard SPC format,
figures for display were created in QTI Plot188
Both these instruments operate using a HeNe laser which allows them to be
internally self-calibrated.
Sample Preparation of KBr Discs for IR Spectroscopy A small amount of
the sample (<10 mg) was mixed with potassium bromide (ca. 250 mg). The
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mixture was ground in an agate pestle and mortar and half of the mixture is
transferred to a steel die. Discs were pressed under ca. 9 tonnes of pressure
for 3 minutes. The resulting disc is removed from the die and placed in the
sample compartment of the instrument.
Alternatively when samples were required to be recovered an instrument
equipped with an attenuated total reflectance (ATR) accessory was used. For
this instrument sample preparation was not required, a small amount of sample
was deposited directly onto the ATR crystal of the instrument.
4.2.1.3 Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR spectra were recorded on a Bruker DPX400 NMR spectrometer, operating
at a frequency of 400 MHz and a temperature of ca. 21 ◦C. Typically 1H spectra
were obtained with 16 scans. Data processing was carried out using ACD Labs
1D NMR processor.189
Generic sample preparation method for NMR measurements The solid
sample to be analysed (ca. 10 mg) was dissolved in ca. 3 cm−1 of a suit-
able deuterated solvent (table 4.2) in a small sample vial with gentle heating if
necessary. The solution was transferred to a clean, dry NMR tube and loaded
into the instrument.
Table 4.2: Deuterated solvents utilised
Name Formula
Acetone-d6 CD3COCD3
Chloroform-d CDCl3
Deuterium Oxide D2O
Dimethylsulfoxide-d6 CD3SOCD
Methanol-d4 CD3OD
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4.2.1.4 Ultraviolet-visible (UV-Vis) Spectroscopy
UV-Vis data was recorded on a Cary 50 UV-Vis spectrophotometer operated
by the Cary WinUV software. The instrument was operated over a wavelength
range of 190 - 1100 nm, excitation was achived with a Xenon flash lamp. Data
was processed in the Thermo Grams AI suite of programs.
4.2.2 Scanning Electron Microscopy
SEM images were recorded on an FEI Quanta 400 FEG high resolution scan-
ning electron microscope. Imaging was carried out under high vacuum <6×104
Pa, using an accelerating voltage of 20 kV at an analytical working distance of
ca. 10mm. Two detector types were utilised; an Everhardt-Thornley secondary
electron detector and a solid state backscattered electron detector. Instrument
control was via a 32-bit Windows XP system running FEI XT Microscope control
software.
Sample Preparation for Scanning Electron Microscopy Samples were pressed
on to an adhesive carbon plate and coated with a thin layer of gold by low vac-
uum sputter coating apparatus. After coating the sample was placed in the
chamber of the instrument which was then evacuated to high-vacuum.
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4.2.3 Thermal Analysis
4.2.3.1 Thermogravimetric Analysis (TGA)
TGA data was recorded on a TA Instruments Q-Series TGA Q5000 fitted with
an infra-red furnace and a temperature controlled thermobalance. The balance
is sensitive to <0.1 µg and accurate to ± 0.1%. The instrument is subject
to routine calibration using a certified standard. Collection parameters were
adjusted dependent on the sample/information required a typical example is;
temperature was ramped at 20 ◦C a minute to a upper temperature of 500 ◦C
Sample Preparation for TGA Samples were placed into pre-tared platinum
crucibles. The crucibles were placed into the instrument autosampler using
tweezers.
4.2.3.2 Differential Scanning Calorimetry (DSC)
DSC data was collected on a TA Instruments Q-Series TGA Q2000 fitted with a
fixed position thermocouple Tzero cell. Measurements are sensitive to 1.0 µW
and accurate to ± 0.1 ◦C . Instrument parameters were selected dependent on
the sample and the information required. A sample heat/cool/heat program is
described; the sample was heated at 10 ◦C per minute to 500 ◦C, the sample
was then cooled at 20 per minute to 20 ◦C, finally the sample was heated at 10
◦C per minute to 500 ◦C.
Preparation of Samples for DSC Analysis A hermetic DSC pan and lid were
weighed and the weight recorded. A small amount (<10 mg) was weighed into
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the pan. The lid was sealed on using the press. The pan was then placed into
the autosampler and the process repeated for all samples. An empty pan was
sealed, weighed and used as a reference.
4.3 Raman Spectroscopy
Raman spectra were recorded on a Renishaw inVia Raman Microscope sys-
tem. The system was equipped with a thermoelectrically cooled CCD detector
and three excitation lasers: (i) a diode laser emitting at 785 nm; (ii) a HeNe laser
emitting as 632.5 nm; and (iii) a YAG laser emitting at 514.5 nm. The operating
spectral range of the instrument is 150 – 3200 cm−1. The spectral resolution of
the system varied with excitation wavelengh and entrance slit width but was typ-
ically in the range of 1 to 0.5 cm−1. The Raman system was coupled to a Leica
DMLM microscope allowing objective lenses of 5x, 20x, 50x and 100x magni-
fication to be utilized, additionally a liquid sampling accessory was able to be
connected to the system. Prior to acquisition of sample spectra the wavenum-
ber axis was calibrated against the spectrum of crystalline silicon, if necessary
an offset operation was carried out to centre the sharp silicon band at 520.50 ±
0.10 cm−1.
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4.4 Material Synthesis
4.4.1 Inorganic Materials
4.4.1.1 Preparation of Calcium Carbonate
Calcite was prepared by two seperate methods. The urea method is adapted
from Refat et al99 while the precipitation method is adapted from Tang et al190
The Urea Method Calcium chloride (0.1 moles, 11.09 g) and urea (0.2 moles,
12.01g) were mixed dissolved in cold deionized water (100 cm3) in a conical
flask. The flask was placed in an oven at ca. 80 ◦C
The experiment was repeated three times, the flasks were left undisturbed
in the oven for one, three and seven days respectively. A white powder was
recovered via centrifugation and was re-suspended in deionized water and cen-
trifuged three times or until the supernatant liquid tested negative for chlorine
ions (silver nitrate test). The final recovered product (4.9g, 49 % ; 5.2g, 52 %
and 5.0g, 50 % respectively) was dried at room temperature and ground into a
free flowing powder.
Characterisation The recovered materials were analysed for polymorphic pu-
rity by powder X-ray diffraction (20◦ to 40◦ 2θ, step size 0.1◦, time 1 second per
step). Peak positions were compared to those calculated from unit cell parame-
ters of calcite and aragonite (Table 4.3).
The Precipitation Method Sodium carbonate (0.5 mol dm3, 2.5 cm3) was
rapidly added to calcium chloride (0.5mol dm3, 2.5 cm3) with vigorous mixing.
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Table 4.3: PXRD peaks of recovered material from urea method of calcium carbonate
synthesis and their assignments. C = calcite and A = aragonite, Miller Indices are given in
subscript.
Sample Assignment
C113 A002 A130 A031 C113 A012
1 day Aged [2 θ (◦)] 39.51 38.7 38.05 37.3 36.3 33.3
3 day Aged [2 θ (◦)] 39.4 38.6 38.1 37.2 36.2 33.4
14 Day Aged [2 θ (◦)] 39.5 36.2
C006 C104 A021 A111 C012
1 day Aged [2 θ (◦)] 29.5 27.4 26.4 23.2
3 day Aged [2 θ (◦)] 29.5 27.3 26.3 23.1
7 day Aged [2 θ (◦)] 31.5 29.5 23.1
A white precipitate was formed instantly. The solution was aged for 2 hours at
room temperature, recovered by centrifugation and washed free of chlorine ions.
The final product (0.1 g, 80 %) was dried at room temperature and ground into
a white free flowing powder.
Characterisation The recovered material was analysed for polymorphic pu-
rity by powder X-ray diffraction (20◦ to 40◦, 2θ, step size 0.1◦, time 1 s per step).
Peak positions were compared to those calculated from the unit cell parame-
ters of calcite (Table 4.4). FT-IR of the recovered sample was carried out in
the wavenumber region of 600 – 4000 cm−1, the resultant spectrum was a co-
addition of 16 scans. Peak values were extracted and assigned to the vibrational
modes of calcite (Table 4.5).
Table 4.4: PXRD peaks of the material recovered from the precipitation method of calcium
carbonate synthesis. C = calcite, Miller Indices given in subscript
Assignment
C113 C113 C006 C104 C012
Peak Centre[2 θ (◦)] 39.6 36.1 31.5 29.6 23.3
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Table 4.5: Infra-red bands of the material recovered from the precipitation method of cal-
cium carbonate synthesis. s = strong, w = weak and br = broad
Assignement
ν4-
symmetric
CO3 defor-
mation
ν2-
asymmetric
CO3 defor-
mation
ν3-
asymmetric
CO3 defor-
mation
ν1 and ν4 2ν2 and ν4 2ν3
Peak Centre
[ν¯(cm−1)]
711.6 (s) 870.4 (s) 1391.2 (s,
br)
1795.6 (w) 2514.1 (w) 2865.2 (w)
4.4.1.2 Preparation of Goethite
Goethite was prepared by the method cited by Atkinson126 and subsequently
used by Rochester and Topham.129
Iron (III) nitrate nonahydrate (0.05 moles, 20.20 g) was dissolved in deion-
ized water (85 cm3). Sodium hydroxide (2.5 mol dm3, 15 cm3) was added rapidly
giving an OH:Fe ratio of 0.75:1. Precipitation was observed but the solid redis-
solved with vigorous shaking. The brown/orange solution was aged at room
temperature for 80 hours. The solution was then poured into NaOH (2.5 mol
dm−3, 100 cm3), the resultant gel was placed in an oven at 80 ◦C for 3 days.
The solution was centrifuged, the supernatant liquid was discarded and the solid
was re-suspended in deionized water and centrifuged again. This was repeated
3 times. The orange/brown powder (4.65 g, 98 %) was dried at room tempera-
ture and ground into a free flowing powder.
Characterisation The recovered material was analysed by powder X-ray diffrac-
tion (20◦ to 50◦, 2θ, step size 0.1◦, time 1 s per step). Centered peak positions
were compared with those calculated from the unit cell parameters of goethite
(Table 4.6). FT-IR of the recovered sample was carried out in the region of 600 –
4000 wavenumbers, the resultant spectrum was a co-addition of 16 scans. Peak
values were extracted and assigned to the vibrational modes of goethite (Table
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4.7)
Table 4.6: PXRD peak positions of material recovered from synthesis of goethite. G =
goethite, Miller Indices are given as subscript
Assignement
Peak Centre[2 θ (◦)] G410 G311 G401 G211 G111
47.5 45 41.1 40.1 36.7
Peak Centre[2 θ (◦)] G210 G301 G201 G101 G200
34.7 33 26.4 21.2 17.9
Table 4.7: Infra-red peaks of the material recovered from the synthesis of goethite. γ+ δ =
bending modes ν - stretching modes, s = strong, w = weak and br = broad
Assignement
γ(−OH) δ(−OH) γ′(−OH)
Peak Centre [ν¯(cm−1)] 792(s) 890(s) 1001(s) 1645(w)
δ′(−OH) ν(OH) ν(HOH)
Peak Centre [ν¯(cm−1)] 1786(w) 3124(br) 3608(w)
4.4.1.3 Preparation of Akagane´ite
Akagane´ite was synthesised by the method described by Murad.141
Iron (III) chloride (0.1 mol dm−3, 300 cm3) was poured into a bottle, stop-
pered and placed in an oven at 70 ◦C for 48 hours. The solution was split be-
tween centrifuge tubes and centrifuged until settled. The supernatant liquid was
discarded and the solid was re-suspended in deionized water and after standing
the suspension was centrifuged again. This was repeated until the supernatant
liquid free from chloride ions ( tested using silver nitrate). The brown powder (1.8
g, 66%) was dried at room temperature and ground into a free flowing powder.
Characterisation The recovered material was analysed by powder X-ray diffrac-
tion (10◦ to 50◦, 2θ, step size 0.1◦, time 1 s per step). Centered peak positions
were compared with those calculated from the unit cell parameters of akagane´ite
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(Table 4.8). FT-IR of the recovered sample was carried out in the wavenumber
region of 600 – 4000 cm−1, the resultant spectrum was a co-addition of 16
scans. Peak values were extracted and assigned to the vibrational modes of
akagane´ite (Table 4.9).
Table 4.8: PXRD peak positions of material recovered from synthesis of akagane´ite. A =
goethite, Miller Indices are given as subscript
Assignement
A404 A411 A1¯08 A2¯13 A2¯04 A303
Peak Centre[2 θ (◦)] 48.8 46.3 43.8 42.9 38.1 36.1
A112 A400 A1¯03 A202 A200 A101
Peak Centre[2 θ (◦)] 35.2 33.9 26.7 23.9 16.74 11.89
Table 4.9: Infra-red peaks of the material recovered from the synthesis of akagane´ite. γ+δ
= bending modes ν - stretching modes, s = strong, w = weak and br = broad
Assignment
δ(−OH) δ(−OH) KBr artifact ν(OH/H2O) ν(HOH)
Peak Centre [ν¯(cm−1)] 799.1(s) 890.6(s) 1014.4(s) 1645.5(w) 3107(s, br)
4.4.1.4 Preparation of Monoionic Montmorillonites
Montmorillonite clay (SWy-2) was purchased from the Clay Minerals Society
(CMS). Before use the clay was fractionated by centrifugation:
Fractionation of SWy-2 Montmorillonite Natural montmorillonite was pur-
chased from the Clay Minerals Society, Chantilly, Virginia (CMS). The montmo-
rillonite was fractionated before use using centrifugation. The required fraction
was the <2 µ fraction. In order to determine the speed and time of centrifuga-
tion required an integrated version of the Stokes law proposed by Svedberg and
Nichols191 and modified by Jackson192 was used (equation 4.1).Where: tmin is
settling time (min), η is the viscosity of the liquid (Pa.s), sp is the density of the
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particle (g cm3), sl is the density of the liquid (g cm3), R is the distance (cm)
from the rotation axis to the top of the sediment in the tube when the walls of
the container are perpendicular to the rotation axis, S is the distance (cm) from
the rotation axis to the top of the suspension, rpm is revolutions per minute, and
Dm is particle diameter (µM)
tmin =
6.3× 108.η.log10(R/S)
(rpm)2.(Dm)).(s[p]−sl)
(4.1)
The solutions to this equation for various rpm’s are given in table 4.10. The
procedure for fractionating the montmorillonite is as follows;
Procedure Montmorillonite (25 g) was suspended in deionized water (500
cm3) in a 750 cm3 centrifuge bottle. The sample was centrifuged at 600 RPM
for 6 Min. The supernatant liquid containing the <2 µm fraction was decanted
into a clean centrifuge bottle and then spun at 1000 RPM for 20 mins to affect
settling. The sediment was dried at 60C overnight.
Table 4.10: Settling times of the <2µm fraction of montmorillonite
t(min) RPM
70.8 100
17.7 200
7.9 300
4.4 400
2.8 500
2 600
Characterisation The recovered material was analysed by PXRD (2◦ to 50◦,
2θ, step size 0.1◦, time 1 s per step). Peaks were assigned against reflections
calculated from the unit cell parameters (Table 4.11). FT-IR of the recovered
materials was carried out in the 600 – 4000 cm−1 region, the resultant spectrum
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was a co-addition of 16 scans. Peak values were extracted and assigned to the
vibrational modes of akagane´ite (Table 4.12).
Table 4.11: PXRD peaks of the <2 µm fraction of purchased montmorillonite
Assignment
14¯2 035 13¯1 11¯4¯ 005 121 11¯3¯
Peak Centre[2 θ (◦)] 45.5 42.4 35 31.2 29.8 27.8 26.6
004 021 020 003 010 001
Peak Centre[2 θ (◦)] 25.5 20.7 19.7 17.7 8.8 6.1
Table 4.12: Infra-red peaks of the<2 µm fraction of purchased montmorillonite. s = strong,
m = medium, w = weak, sho = shoulder
Assignment
ν1 (H2O,
Bound)
H-O-H
Deformation
ν2 (H2O) νin−plane
(Si-O)
ν (Si-O-Si )
Peak Centre [ν¯(cm−1)] 3623(m) 1695(w) 1636(m) 1128(sho) 1015(s)
δOH (Al2-
OH)
δOH (AlFe-
OH)
Si-O Deformation
Peak Centre [ν¯(cm−1)] 906(sho) 884(sho) 785(m) 728(m)
Exchange of Anion A portion of <2 µM SWy-2 montmorillonite (ca. 50 mg)
was placed in a centrifuge tube with 13 cm3 of deionized water, the solution was
agitated for 3 hours. The solutions were then centrifuged and the supernatant
liquid discarded. To the solid a solution of metal chloride (4.13) in deionized
water (1 mol dm−3, 13 cm3) was added. The solutions were stirred for 8 hours.
The solutions were then centrifuged and the supernatant liquid discarded. The
solids were re-suspended in deionized water and centrifuged again after stand-
ing. This was repeated until the supernatant liquid was free from chloride ions
(checked using silver nitrate).
Characterisation The powdered samples were analysed by PXRD (2 - 20 ◦
2 θ, 0.002 ◦ step, 1 second per step). The smaller range and step size was
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Table 4.13: Metal chloride salts used to prepare homoionic montmorillonites
Metal Chloride Intercalated Ion
MgCl Mg2+
CaCl2 Ca
2+
FeCl3 Fe
3+
KCl K+
Hydrated Starting Material Na+
utilized so the 001 peak could be analysed. Peak positions were compared to
those calculated from the unit cell parameters (Table 4.14).
Table 4.14: PXRD peak positions of anion exchanged montmorillonites
Assignement
001 100 101¯ 010
Na 7 16.9 17.9
Ca 5.4 17.0 17.9
K 6.4 17.0 17.9 18.2
Fe 5.4 16.9 17.9
Mg 5.2 16.9 17.9 18.1
4.4.2 Organic Materials
4.4.2.1 Preparation of meso-Tetraphenyl porphyrin
The synthesis of meso-Tetraphenyl porphyrin (TPP) was carried out using an
adaptation of the procedure of Marsh et al .193 The procedure is represented by
scheme 4.1
Procedure Pyrrole (0.8 cm3, 0.01 moles) and benzaldehyde (2.12 g, 0.01
moles) were refluxed in propionic acid (ca. 120 cm3) for 30 minutes. The mix-
ture was allowed to cool to room temperature, cold methanol (ca. 100 cm3) was
added. The flask was stoppered and placed in a refrigerator overnight. Bright
purple crystals of TPP (980 mg, 0.0015 moles, 15.9 %) were recovered at the
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Scheme 4.1: Synthesis of TPP
pump, washed with cold methanol (ca. 20 cm3) and cold deionized water (ca 20
cm3).
Characterisation The recovered crystalline material was analysed by 1HNMR
(400 Mhz, 16 Scans) and infrared spectroscopy (KBr disc, co-addition of 16
scans).
1H NMR(400 MHz, CDCl3) δ -2.76 (2H,s), 1.57 (s,H2O) 7.68–7.84 (12H, m)
8.17–8.29 (8H, dd), 8.87 (8H, s))
FT-IR(KBr Disk), ν¯ max ; 704(s, 727(s), 750(s), 801(s), 849(m), 885(m), 967(s),
1007(m), 1029(m), 1070(m), 1158(m), 1181(m), 1217(w), 1350(m), 1439(m),
1480(m), 1553(m), 1598(m), 1697(br), 1804(br), 1885(w), 1952(w), 2336(m),
2365(s), 3018(w), 3051(w), 3310(w).
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4.4.2.2 Preparation of Tetrapyridyl porphyrin
The synthesis of Tetrapyridyl porphyrin (TPyP) was carried out using an adapta-
tion of the procedure of Adler et al .194 The procedure is represented by scheme
4.2
Scheme 4.2: Synthesis of TPyP
Procedure Pyrrole (3.2 cm3, 0.04 moles) and 4-pyridinecarboxaldehyde (4.36
cm3, 0.04 moles) were added to propionic acid (400 cm3). The mixture was
refluxed for 90 minutes then allowed to cool to room temperature. Sodium hy-
droxide (2M, 300 cm3) was added slowly to neutralise the mixture which was
then stoppered and left overnight in the refrigerator. Deep purple crystals of
TPyP (310 mg, 5×10−4 moles, 1 %) were recovered at the pump, washed with
cold methanol (ca. 20 cm3) and (ca 20 cm3).
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Characterisation The recovered crystalline material was analysed by 1HNMR
(400 Mhz, 16 scans), infrared spectroscopy (KBr disc, co addition of 16 scans).
1H NMR(600 MHz, CDCl3); δ -2.91 (2H, s), 1.62 (H2O), 8.18–8.20 (8H, dd),
9.08–9.10 (8H, dd).
FT-IR(KBr Disk), ν¯max ; 712(s), 804(s), 860(m), 889(m), 974(s), 1003(m), 1055(w),
1088(w), 1184(m), 1221(m), 1276(m), 1328(m), 1358(w), 1402(m), 1457(m),
1513(m), 1561(m), 1642(s), 1841(w), 2336(m), 2361(m), 2845(w), 2919(w),
3033(m), 3088(w), 3432(m, br).
4.5 Experiments Towards Evaluation of Effect of
Astrobiologically Relevant Organic Molecules
on the Precipitation and/or Morphology of Min-
eral Phases
4.5.1 Evaluation of Effect of Organics in the Precipitation En-
vironment on the Phase and Morphology of Calcium
Carbonate Minerals
Material Preparation A small amount of an organic solution (table 4.15) (1
ml, 0.002 mol dm−3) was added to a solution of calcium chloride (3 ml, 0.5 mol
dm−3) in a sterile centrifuge tube. Sodium carbonate (3 ml, 0.5 mol dm−3) was
added slowly and the tube was sealed and shaken. The solution was aged at
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room temperature (ca. 25 ◦C) for 24 hours. The tubes were centrifuged the
supernatant liquid was poured off and discarded. The solid was re-suspended
in cold deionized water and centrifuged 3 times until the supernatant liquid was
free from chloride ions (checked using silver nitrate). The solid was dried at ca.
50 ◦C and stored in a sealed vial.
Table 4.15: Organic additives to precipitation environment of calcium carbonate
Organic Solvent
Thymine H2O
Uracil H2O
Cytosine H2O
Glycine H2O
Cholesterol CH3OH
Phytol CH3OH
Benzoic Acid CH3OH
Isoprenol CH3OH
Blank CH3OH
Blank H2O
Characterisation The recovered materials were analysed for polymorphic pu-
rity by PXRD 20◦ to 40◦, 2θ, step size 0.1◦, time 1 s per step and FT-IR (ATR,
co-addition of 16 scans). Both PXRD and IR confirmed that no crystalline impu-
rities were present in substantial amounts (Table 4.16 and 4.17). Morpological
evaluation was carried out using scanning electron microscopy followed by im-
age analysis in FIJI195
Table 4.16: Representative PXRD peak positions of calcium carbonate grown from adul-
terated solutions
Assignment
C113 C113 C006 C104 C012
Peak Centre[2 θ (◦)] 39.1 35.9 30.8 29.1 23.7
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Table 4.17: Representative FTIR peaks of calcium carbonate grown from adulterated so-
lutions. s = strong, w = weak, br = broad
Assignement
ν4-
symmetric
CO3 def
ν2-
Asymmetric
CO3 def
nu3-
asymmetric
CO3 def
ν1 and ν4 2ν2 and ν4 2ν3
Peak Centre
[ν¯(cm−1)]
710.7(s) 871.9(s) 1390.8(s, br) 1794.2(w) 2513.8(w) 2864.3 (w)
4.5.2 Evaluation of Effect of Organics in the Precipitation En-
vironment on the Phase and Morphology of Iron Oxy-
hydroxide Minerals
Iron (III) chloride (0.1 mol dm−3, 5 ml cm−3) was poured into a sterile centrifuge
tube and an organic additive (table 4.18, 2 ml) was added. The tube was sealed
and placed in an oven at 70 ◦C for 48 hours. The solution was centrifuged until
the solid was compacted at the bottom of the tube. The supernatant liquid was
discarded and the solid was re-suspended in deionized water and re-seperated
by centrifugation. This washing process repeated until the supernatant liquid
was free from chloride ion (checked using silver nitrate). The brown powder was
dried at room temperature and ground into a free flowing powder.
Table 4.18: Organic additives to precipitation environment of iron oxide
Organic Solvent
Thymine H2O
Uracil H2O
Cytosine H2O
Glycine H2O
Cholesterol CH3OH
Phytol CH3OH
Benzoic Acid CH3OH
Isoprenol CH3OH
Blank CH3OH
Blank H2O
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Characterisation The recovered material was analysed using PXRD 5◦ to
50◦, 2θ, step size 0.1◦, time 1 s per step and FTIR (ATR, co-addition of 16
scans). Both PXRD and IR confirmed major phase present was akagane´ite (Ta-
bles 4.19 and 4.20). Scanning electron microscopy followed by image analysis
using ImageJ196 was used to evaluated morphology of materials.
Table 4.19: Representative PXRD peaks of iron oxyhydroxide grown from adulterated so-
lutions
Assignement
A404 A411 A1¯08 A2¯13 A2¯04 A303
Peak Centre[2 θ (◦)] 48.7 45.9 42.9 42.1 37.8 36.1
A112 A400 A1¯03 A202 A200 A101
Peak Centre[2 θ (◦)] 35.5 33.2 26.1 24.1 17.1 12.2
Table 4.20: Representative FT-IR peak positions of iron oxyhydroxide grown from adulter-
ated solutions. s = strong, w = weak, br = broad
Assignment
δ(−OH) δ(−OH) KBr artifact ν(OH/H2O ν(HOH)
Peak Centre [ν¯(cm−1)] 799.1(s) 890.6(s) 1014.4(s) 1645.5(w) 3107(s, br)
4.6 Preparation of Organic-Inorganic Complexes
4.6.1 Immobilisation of Organic Compounds on Inorganic Ma-
trices
The work described in this section aimed to immobilise a selection of organic
species on the surfaces of selected mineral matrices. These materials were
created with a view of evaluating Raman spectroscopic performance.
General Procedure A small amount of the mineral phase (10 mg ± 1 mg (see
table 4.21)) was weighed into a 15 ml centrifuge tube. To each tube a weak
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solution (5 ml, 0.002 mol dm−3) of a different organic species (table 4.22) was
added. The tubes were agitated overnight (ca. 8 hours), after this time the tubes
were centrifuged and the supernatant liquid was poured off and retained. The
remaining material was re-suspended in deionized water and centrifuged. The
washing process was repeated 3 times. The solid was recovered from the tubes
and dried at 50 ◦C before being stored at room temperature in a sealed vial.
Table 4.21: Mass of mineral on which biomarker compounds were adsorbed
Synthetic
Calcite
Natural
Calcite
Natural
Dolomite
Synthetic
Aka-
gane´ite
Synthetic
Goethite
mg−1 mg−1 mg−1 mg−1 mg−1
Adenine 10.14 10.02 9.79 9.51 9.43
Thymine 9.62 9.98 10.70 10.11 10.34
Cytosine 10.23 10.50 10.88 9.55 10.66
Uracil 10.04 10.89 10.36 9.73 10.07
Glycine 10.34 10.29 9.50 9.57 10.10
Isoprenol 9.86 9.73 10.24 9.86 10.10
Phytol 9.65 9.76 9.60 9.84 9.89
Naphtol 10.04 9.76 10.21 10.03 9.72
Cholesterol 9.74 9.69 10.17 10.21 9.89
Stigmasterol 9.65 10.47 10.58 10.29 10.49
Naphthalene 10.09 9.91 10.24 10.35 9.87
Anthracene 10.25 10.29 10.47 10.20 9.59
TPP 10.09 9.93 10.01 9.88 10.03
TPyP 10.05 9.70 9.76 10.06 10.21
Characterisation Recovered materials were analysed using ATR FT-infrared
spectroscopy (co-addition of 16 scans) and PXRD (5◦ to 50◦, 2θ, step size 0.1◦,
time 1 s per step) to confirm the phases present. Thermogravimetric Analysis
(ramping program at 10 ◦C / min up to a maximum temperature of 500 ◦C) was
carried out in order to quantify the mass of organic material adsorbed to the
sample.
PXRD patterns and FT-IR spectra from each material showed an identical
pattern/spectrum to the starting mineral. Representative peak positions are
quoted (Tables 4.23 and 4.24)
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Table 4.22: Selected biomarker compounds, their relevance and the concentration in se-
lected solvent in which they were used
Molecule Solvent Concentration (mol dm−3) Concentration (mg dm−3)
Adenine H2O 0.002 270.3
Cytosine H2O 0.002 222.2
Thymine H2O 0.002 252.2
Uracil H2O 0.002 225.6
Glycine H2O 0.002 150.1
Cholesterol CH3OH 0.002 773.3
Stigmasterol 0.002 825.4
Naphthalene CH3Cl 0.002 256.3
Anthracene CH3Cl 0.002 356.5
Napthol CH3Cl 0.002 288.3
Isoprenol CH3OH 3.088 266.0
Phytol CH3OH 2.472 733.0
TPP CH3Cl 0.002 1229.5
TPyP CH3Cl 0.002 1236.4
TMPyP H2O 0.002 1356.4
Table 4.23: Representative PXRD peak positions for materials recovered from surface
immobilisation studies
Sample PXRD peaks [2 θ (◦)]
Calcite 48 47 43 39 36 31 29 23
Natural Calcite 49 46 43 39 35 31 28 22
Natural Dolomite 44 43 41 37 35 33 30 24 22
Akagane´ite 47 45 42 41 38 35 35 33 25 23 16 11
Goethite 47 44 41 40 35 34 32 26 21 17
Table 4.24: Representative FTIR peak positions for materials recovered from surface im-
mobilisation studies
Sample FT-IR Peaks (cm−1)
Calcite 715 800 873 1419 1803 2870 2930
Natural Calcite 715 800 873 1419 1803 2870 2930
Natural Dolomite 738 804 880 1027 1426 2854 2931
Akagane´ite 813 1425 1641 2852 2922 3376
Goethite 802 901 1105 1427 1634 1736 2856 2922 3153
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4.6.2 Nucleobase Intercalation Studies
Phyllosilicate clay minerals possess an inter-lamellar space in which organic
molecules can become intercalated. Cytosine, thymine and uracil were tested
for their ability to be intercalated and then detection methods were developed
and tested.
Preparation of Intercalated Materials Iron montmorillonite (section 4.4.1.4)
(10 mg ± 1 mg [table 4.25]) was placed into a centrifuge tube. A solution of
nucleobase (5 ml, 0.002 mol dm3) was added and the tubes were agitated for
8 hours. The suspensions were centrifuged and the supernatant liquid was
poured off and retained. The solid was re-suspended in cold deionized water
and re-seperated via centrifugation, the washing process was repeated 3 times
over. The solid was dried at ca. 50 ◦C and stored in a sealed vial.
Table 4.25: Mass of Fe-MMT into which organics were intercalated
Organic Mass of Fe-MMT mg−1
Uracil 9.99
Thymine 10.15
Cytosine 10.42
Characterisation The recovered materials were analysed using PXRD (3◦ to
20◦, 2θ, step size 0.002◦, time 1 s per step) to confirm the phase and evaluation
of the low angle reflection to determine the value of the basel spacing. ATR-FTIR
spectroscopy (co-addition of 16 scans) and thermogravimetric analysis (ramping
program at 10 ◦C / min up to a maximum temperature of 500 ◦C) was carried out
in order to quantify the mass of organic material present in the sample. Details
of the characterisation are discussed in detail in section 7.2.1.2
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4.7 Surface Enhanced Raman Spectroscopy Stud-
ies on Organic-Inorganic Complexes
Samples prepared by the methods in sections 4.6.1 and 4.6.2 were analysed by
surface enhanced Raman spectroscopy (SERS).
4.7.1 Preparation of Silver Nano-particles
Silver nano-particles (AgNPS) were synthesised using the method of Creighton
et al .197
A solution of silver nitrate (5 cm3, 1× 10−3 mol dm−3) was reduced by rapid
addition of a solution of sodium borohydride (15 cm3, 2 × 10−3 mol dm−3) On
addition a yellow colour was immediately observed in the solution.
Analysis The solution of silver nanoparticles was analysed using UV-Vis spec-
troscopy which showed a single band at 393 cm−1 which is characteristic of sil-
ver particles substantially smaller than the wavelength of light.198 This method
is cited to give nano particles in the range of 1 - 50 nm in diameter197
4.7.2 Preparation of Samples for SERS
Two methods of sample preparation were required. The first for samples on
which organic molecules were adsorbed on the surface and the second for sam-
ples where organic was intercalated.
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Figure 4.2: Schematic diagram of sample placement for Raman measurement of liquid.
d = f of lens
For Samples with Surface Adsorbed Organics A small amount (<1 mg) of
the solid sample to be analysed was placed on a glass slide and 10 µL of Ag-
NPS solution was added to cover the sample. The wet solid was left to dry at
ambient temperature. Samples were subjected to Raman experiments on the
same day as they were made. Particulars of the instrumental parameters are
given below.
For Samples with Intercalated Organics A small amount (<1 mg (Table
4.26) of the solid to be analysed was weighed into a small glass vial. Silver
colloid (1 ml) was added to the vial which was then sonicated to ca. 5 min-
utes. Raman spectra of the liquid were recorded through the glass using the
liquid sample accessory with the sample placed at the relevant distance from
the aperture to ensure the focal point of the laser was within the liquid (Figure
4.2).
4.7.3 Development of Instrumental Parameters
Raman spectra were acquired over the full spectral range of the instrument (150
– 3200 cm−1) using a 1200 groove diffraction grating and a 20 µM slit width. A
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Table 4.26: Mass of intercalated Fe-MMT complex extracted with Ag-NPS
Intercalated Organic Mass of Complex Analysed (mg−1)
Uracil 0.71
Thymine 0.64
Cytosine 0.5
Glycine 0.51
Isoprenol 0.6
Benzoic Acid 0.56
Phytol 0.63
Cholesterol 0.87
Napthol 0.57
Pyrene 0.67
Naphthalene 0.61
Anthracene 0.84
number of trial spectra (≥ 10) were recorded to asses the effect of instrumental
parameters on the samples. An ordered approach was taken starting with low
laser power and moderate exposure times. Typically for the samples containing
carbonate minerals a maximum of 50 % laser power and 10 second exposure
times gave good results, whereas lower laser powers (<10 %) and longer expo-
sure times (>30 seconds) were required for iron oxyhydroxide samples. Lower
laser powers were employed in the case of iron oxides to minimise the chance
of thermal transformation of the iron oxyhydroxide (into iron oxide). Spectra of
liquid samples were recorded using full laser power and an exposure time of 10
seconds. Typical parameters used are tabulated below (Table 4.27), these pa-
rameters were used as starting point for each sample and parameters such as
accumulation number, exposure time and laser power were adjusted if required.
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Table 4.27: Instrumental parameters used for acquisition of Raman spectra
Sample Type Excitation
Wavelength
(nm)
Laser Power
(%)
Exposure
Time (s)
Notes
Mineral
Carbonates 632.5 10 - 50 % 10 Amount of accumulations
was governed by the ob-
served signal to noise ra-
tio
Iron Oxyhydroxides 632.5 1 - 10 % 30 - 60
Special Cases
Porphyrin Samples 514.5 1 - 10 % 10 Low laser powers were
utilised in these cases
due to the higher power
of the 514.5 nm laser line
Liquid Samples 632.5 100% 10
4.8 Acquisition of Large Datasets using Mapping
Measurements
Acquisition of datasets containing multiple spectra was required in order to eval-
uate the effectiveness of uni and multivariate data analyses. This was achieved
by using Raman mapping. Experimental procedure for this is outlined below
4.8.1 Preparation of Samples
Solid mixtures of cytosine and various mineral phases (Table 4.28) were made
up by combining 1, 5, and 10 % w/w (cytosine/mineral). Mixtures were combined
thoroughly, ground together with an agate pestle and mortar for 3 minutes then
pressed into round discs under ca. 5 tons of pressure. The discs were analysed
immediately.
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Table 4.28: Mineral phases used to make up solid mixtures with cytosine
Mineral Phase
calcite
dolomite
gypsum
goethite
akaganeı´te
4.8.2 Acquisition of Raman Data
Each sample disc was evaluated using the mapping setting of the Raman instru-
ment and a 5x objective microscope lens. The area to be scanned was set up
so at least 80 spectra were acquired. The mapping area was rectangular with
1 spectrum being acquired per 80 µm step in a raster scanning pattern. Acqui-
sition parameters for all samples consisted of a static scan over the range 101
to 1064 cm−1, single accumulation of a 5 second exposure on full laser power.
The wavenumber range selected allowed the ring breathing peak of cytosine to
be evaluated. When acquisition was complete ca. 50 µl of silver colloid was
added to the sample disc and the measurement was repeated.
4.8.3 Treatment of Data
Each mapping experiment yielded a single file in native Renishaw .wxd format.
This file was converted to single spectrum files in a .txt format for use with Eigen-
vector chemometric software. Full details of the analysis are given in chapter 8
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4.9 Co-Crystallisation Studies on Astrobiologically
and Prebiotic Relevant Molecules
4.9.1 Organic – Organic Co-Crystallisation
Multi-component assemblies consist of two or more distinct molecular entities in
a single crystal structure. These entities are for the most part bound by close
contacts (Vdw interactions) and hydrogen bonds. A series of experiments were
carried out to create these complexes between various organic molecules.
4.9.1.1 Thermal Phase Diagrams
Differential Scanning Calorimetric measurements enable the construction of phase
diagrams by measuring the onset and maxima of the relevant peaks. From these
diagrams the type of system can be deducted (i.e. co-crystal, eutectic)
Generic Procedure An amount (see tables 4.29, 4.30, 4.31, 4.32 and 4.33) of
each reagent was weighed into an aluminium DSC pan which was then hermet-
ically sealed. The pan was placed in the sample queue of the DSC instrument.
The parameters of the instruments run were determined by the melting points
of the individual reagents. More details are given in the relevant section.
Citric Acid – Adenine Table 4.29 gives the mass of each reagent which was
placed into the DSC pan. The samples were run using the following heat(1),
cool(2), heat(3) cycle; 1. Ramp at 10 ◦C/min to 160 ◦C, 2. cool at 10 ◦C/min to
10 ◦C, 3. Ramp at 10 ◦C/min to 200 ◦C
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Table 4.29: Mass and mole fraction of citric acid and adenine used in DSC measurements
Mass Adenine (mg−1) Mass Citric Acid (mg−1) MF Adenine MF Citric Acid
0 1.608 0 1.00
2.773 0.305 0.93 0.07
2.435 0.826 0.81 0.19
1.946 1.108 0.71 0.29
1.802 1.792 0.59 0.41
1.401 2.159 0.48 0.52
1.23 2.393 0.42 0.58
0.985 3.133 0.31 0.69
0.495 3.251 0.18 0.82
0.284 3.629 0.10 0.90
Citric Acid – Guanine Table 4.30 gives the mass of each reagent which was
placed into the DSC pan. The samples were run using the following heat(1),
cool(2), heat(3) cycle; 1. Ramp at 10 ◦C/min to 160 ◦C, 2. cool at 10 ◦C/min to
10 ◦C, 3. Ramp at 10 ◦C/min to 200 ◦C
Table 4.30: Mass and mole fraction of citric acid and guanine used in DSC measurements.
Mass Guanine (mg−1) Mass Citric Acid (mg−1) MF Guanine MF Citric Acid
3.17 0.00 1.00 0.00
2.77 0.51 0.87 0.13
2.23 0.53 0.84 0.16
2.10 1.18 0.69 0.31
1.80 1.42 0.62 0.38
1.49 1.85 0.50 0.50
1.19 2.28 0.40 0.60
1.09 2.54 0.35 0.65
0.57 3.00 0.20 0.80
0.22 3.63 0.07 0.93
0.00 1.61 0.00 1.00
Citric Acid – Thymine Table 4.31 gives the mass of each reagent which was
placed into the DSC pan. The samples were run using the following heat(1),
cool(2), heat(3) cycle; 1. Ramp at 10 ◦C/min to 160 ◦C, 2. cool at 10 ◦C/min to
10 ◦C, 3. Ramp at 10 ◦C/min to 200 ◦C
Citric Acid – Uracil Table 4.32 gives the mass of each reagent which was
placed into the DSC pan. The samples were run using the following heat(1),
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Table 4.31: Mass and mole fraction of citric acid and guanine used in DSC measurements
Mass Thymine (mg−1) Mass Citric Acid (mg−1) MF Thymine MF Citric Acid
3.34 0.00 1.00 0.00
2.89 0.40 0.92 0.08
2.44 0.83 0.82 0.18
2.14 1.24 0.72 0.28
1.90 1.91 0.60 0.40
1.58 2.28 0.51 0.49
1.18 2.96 0.38 0.62
1.03 3.14 0.33 0.67
0.56 3.41 0.20 0.80
0.33 4.11 0.11 0.89
cool(2), heat(3) cycle; 1. Ramp at 10 ◦C/min to 165 ◦C, 2. cool at 10 ◦C/min to
10 ◦C, 3. Ramp at 10 ◦C/min to 350 ◦C
Table 4.32: Mass and mole fraction of citric acid and uracil used in DSC measurements
Mass Uracil (mg−1) Mass Citric Acid (mg−1) MF Uracil MF Citric Acid
1.08 0.00 1.00 0.00
2.85 0.59 0.89 0.11
2.47 0.92 0.82 0.18
1.91 1.70 0.66 0.34
1.79 1.97 0.61 0.39
1.43 2.41 0.51 0.49
1.16 3.29 0.38 0.62
0.81 3.68 0.27 0.73
0.66 3.90 0.22 0.78
0.25 4.76 0.08 0.92
Citric Acid – Cytosine Table 4.33 gives the mass of each reagent which was
placed into the DSC pan. The samples were run using the following heatheat(1),
cool(2), heat(3) cycle; 1. Ramp at 10 ◦C/min to 160 ◦C, 2. cool at 10 ◦C/min to
10 ◦C, 3. Ramp at 10 ◦C/min to 200 ◦C
4.9.1.2 Solution Phase Diagrams
Co-Crystallisations Following on form the thermal phase diagrams (section
4.9.1.1) a series of solution phase diagrams were constructed. These contained
three components (table 4.34); citric acid, cytosine and a basic metal (or am-
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Table 4.33: Mass and Mole fraction of citric acid and cytosine used in DSC measurements
Mass Cytosine (mg−1) Mass Citric Acid (mg−1) MF Cytosine MF Citric Acid
1.73 0.00 1.00 0.00
2.65 0.56 0.89 0.11
2.39 1.13 0.79 0.21
2.04 1.33 0.73 0.27
1.73 2.01 0.60 0.40
1.46 2.59 0.49 0.51
1.28 3.24 0.41 0.59
0.86 3.42 0.30 0.70
0.58 4.22 0.19 0.81
0.30 4.77 0.10 0.90
0.00 1.61 0.00 1.00
monium) hydroxide. Tables 4.35 to 4.37 display the composition of the solution
from which products were allowed to crystallise.
Table 4.34: Components for solution phase diagram experiments
Reagent Concentration Solvent
Sodium Hydroxide 0.1 mol dm−3 H2O
Potassium Hydroxide 0.1 mol dm−3 H2O
Ammonium Hydroxide 0.1 mol dm−3 H2O
Citric Acid 0.1 mol dm−3 C2H5OH
Cytosine 1 mg cm−3 C2H5OH
Procedure Cytosine, citric acid and one of sodium, potassium and ammonium
hydroxide were mixed as in tables: 4.35, 4.36 and 4.37 for cytosine. The solu-
tions were covered (not air tight) and the solvent was allowed to evaporate until
crystallisation occurred. The products were recovered at the pump and washed
with cold ethanol and water (10 – 50 cm3).
Characterisation Recovered materials were characterised with PXRD (10◦ to
40◦, 2θ, step size 0.1◦, time 1 s per step). Peak positions were compared to
positions calculated from the unit cell parameters of cytosine, citric acid and
{H3Cyt6 . H2Cit2 . H2O} (Table 4.38).
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Table 4.35: Composition of crystallisation solutions for citric acid - cytosine co–crystals
Sodium Hydroxide and Cytosine
Sodium Hydroxide Cytosine Citric Acid Sample Identifier
Volume (cm3) Equivalents Volume (cm3) Equivalents Volume (cm3) Equivalents
1 1 1 1 10 1 CytNaOH1
0.5 0.5 1 1 10 1 CytNaOH2
1.5 1.5 1 1 10 1 CytNaOH3
2 2 1 1 10 1 CytNaOH4
3 3 1 1 10 1 CytNaOH5
1 1 0.5 0.5 10 1 CytNaOH6
1 1 1.5 1.5 10 1 CytNaOH7
1 1 2 2 10 1 CytNaOH8
1 1 3 3 10 1 CytNaOH9
1 1 1 1 5 1 CytNaOH10
0.5 1 0.5 1 10 2 CytNaOH11
0.5 1 0.5 1 7.5 1.5 CytNaOH12
0.5 1 0.5 1 15 3 CytNaOH13
Table 4.36: Composition of crystallisation solutions for citric acid - cytosine co–crystals 2
Potassium Hydroxide and Cytosine
Potassium Hydroxide Cytosine Citric Acid Sample Identifier
Volume (cm3) Equivalents Volume (cm3) Equivalents Volume (cm3) Equivalents
1 1 1 1 10 1 CytKOH1
0.5 0.5 1 1 10 1 CytKOH2
1.5 1.5 1 1 10 1 CytKOH3
2 2 1 1 10 1 CytKOH4
3 3 1 1 10 1 CytKOH5
1 1 0.5 0.5 10 1 CytKOH6
1 1 1.5 1.5 10 1 CytKOH7
1 1 2 2 10 1 CytKOH8
1 1 3 3 10 1 CytKOH9
1 1 1 1 5 1 CytKOH10
0.5 1 0.5 0.5 10 2 CytKOH11
0.5 1 0.5 0.5 7.5 1.5 CytKOH12
0.5 1 0.5 0.5 15 3 CytKOH13
Table 4.37: Composition of crystallisation solutions for citric acid - cytosine co–crystals 3
Ammonium Hydroxide and Cytosine
Ammonium Hydroxide Cytosine Citric Acid Sample Identifier
Volume (cm3) Equivalents Volume (cm3) Equivalents Volume (cm3) Equivalents
1 1 1 1 10 1 CytAmmOH1
0.5 0.5 1 1 10 1 CytAmmOH2
1.5 1.5 1 1 10 1 CytAmmOH3
2 2 1 1 10 1 CytAmmOH4
3 3 1 1 10 1 CytAmmOH5
1 1 0.5 0.5 10 1 CytAmmOH6
1 1 1.5 1.5 10 1 CytAmmOH7
1 1 2 2 10 1 CytAmmOH8
1 1 3 3 10 1 CytAmmOH9
1 1 1 1 5 1 CytAmmOH10
0.5 1 0.5 0.5 10 2 CytAmmOH11
0.5 1 0.5 0.5 7.5 1.5 CytAmmOH12
0.5 1 0.5 0.5 15 3 CytAmmOH13
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4.9.2 Structure Solution of {H3Cyt6 . H2Cit2 . H2O}
Single crystal diffraction data for a single crystal of {H3Cyt6 . H2Cit2 . H2O}
were collected at 173 K. Space group assignments were made using XPREP.199
The structure was solved using direct methods using SHELXS-97200 and refined
using full-matrix least squares techniques using SHELXL-97200 within the Bruker
APEX II201 suite of programs. Cryystal packing diagrams were subsequently
produced using Mercury.202
93
Chapter 5
Influence of Organic Additives on
the Crystallisation and Morphology
of Mineral Phases
5.1 Introduction
Work in this chapter is aimed at evaluating interactions between organic and in-
organic species during the crystallisation of the inorganic phase. The manifes-
tation of these interactions could result in new adducts being formed or change
of phase/change of morphology of the mineral phase. This study aims to con-
firm that the organic species chosen for study are active (with respect to surface
interactions) on carbonate and/or iron oxide mineral phases.
It is well established that living organisms are able to precisely control the
phase and morphology of bio-mineral phases, which they produce.203 This al-
lows their fossils to be unambiguously identified. On a much smaller scale it is
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conceivable that the organic molecules left behind by dead bacteria may have a
similar effect on the precipitation of minerals in, for example, an evaporite envi-
ronment. If the minerals do exhibit this behaviour as a function of the presence
of these molecules then visualisation of the modified mineral will indicate an
area of interest to investigate further.
5.2 Results and Discussion
5.2.1 Effect of Precipitation Environment on the Habit and
Polymorph of Calcium Carbonate
As described earlier (Section 3.1) calcium carbonate exists in three anhydrous
crystalline polymorphs.204 Terrestrially, calcium carbonate precipitates in both
fresh and saline waters, and is formed by abiotic and biogenic means.205 Under
ambient conditions, the most thermodynamically stable phase is calcite, how-
ever the energy difference between the three phases is relatively small (0.5 –
3 kJ mol−1)205,206,207 therefore the precipitation of aragonite and vaterite can be
achieved by very small changes in the precipitation environment (pH, tempera-
ture, organic additives).208,209,210,211 In addition to the polymorphs, a variety of
crystal habits are described in the literature.212 The effects of organic molecules
such as citric and malic acid have been shown to influence the crystal morphol-
ogy of calcite crystals.211 With this in mind, experiments to evaluate the effect of
some biomolecules on the phase and/or morphology of calcium carbonate were
under taken.
Calcium carbonate used throughout this work was synthesised by the earlier
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described precipitation method (see section 4.4.1.1). The product of this method
was fully characterised and validated (Section 6.2.1). This method proved reli-
able for the repeated synthesis of a polymorphically pure product and as such
was deemed suitable for modification to evaluate effects of the organic on the
product.
Powder X–ray diffraction confirmed that calcite was the only calcium car-
bonate phase present in the samples. Scanning electron microscopy was then
carried out to allow evaluation of the morphology of the calcite crystals. SEM
images of the calcium carbonate precipitated from the adulterated solution were
taken, these were analysed for particle size using FIJI.195 FIJI is an open source
java platform which runs imageJ196 in the background. FIJI and ImageJ are
both well documented for use in this area.213,214,215 The main program is aimed
at users with minimal computer skills, however through the use of plugins and
macros ImageJ and FIJI are both highly extendible and customisable depen-
dent on the needs and skill of the user. An example of the workflow applied to
an image is displayed in figure 5.1.
In order to successfully analyse an image a series of preprocessing steps
were taken, these are outlined;
Setting Scale - The scale for the image was set according to the scale bar
from the parent image. Images of the same magnification were used, therefore
the scale was the same for every image and was established to be 20 µm to
380 pixels
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Figure 5.1: Work flow for one image in FIJI
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Threshold - This binarises the whole image using a global method (derived
from the histogram)
Gaussian Blur - This is used to clean up the edge of the particles so they can
be separated from the background by re-thresholding
Watersheding - The watersheding algorithm used by imageJ is an implemen-
tation of the algorithm written by Vincent and Soille.216 It identifies the “water-
shed” between two touching particles and seperates them An example of the
results of each processing step is shown in figure 5.2.
Figure 5.2: Results of each preprocessing operation
In order to ensure that all images were treated the same, the workflow as
outline in figure 5.1 was encompassed by a macro written specifically for the
purpose. The code of the macro is detailed below;
98
5.2 Results and Discussion
1.run(”Set Measurements...”, ”area mean perimeter bounding fit display
redirect=None decimal=5”);
2.run(”Set Scale...”, ”distance=380 known=20 pixel=1 unit=micrometers”);
3.makeRectangle(0, 0, 1024, 882);
4.run(”Crop”);
5.run(”Auto Threshold”, ”method=Default white”);
6.run(”Gaussian Blur...”, ”sigma=3”);
7.run(”Auto Threshold”, ”method=Default white”);
8.run(”Watershed”);
9.run(”Analyze Particles...”, ”size=0-Infinity circularity=0.00-1.00
show=Outlines display clear summarize”);
A Macro Written for FIJI to Automate the Preprocessing and Analysis of an
Image After it was Loaded
This macro was installed into FIJI and run on each of the micrograph images
obtained. The average particle sizes do not show a large variation (Figures 5.3
and 5.4). Of greater interest is the distribution of sizes in each sample. His-
tograms (Figures 5.3 and 5.4) for each sample, show a positive skew with the
larger percentage of frequency tending toward the smaller particle size. Distribu-
tions are not greatly dissimilar, however samples of calcite crystals grown in the
presence of organic additives tend to show a greater frequency of smaller crys-
tallites. This observation is fitting with an expected inhibition of crystal growth by
organic molecules,217,218,219,220,221,222 this suggests that each of the molecules
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shows some affinity for the calcite surface. This is a positive result, and gives
precedence to a goal of developing an in-situ spectroscopic detection method
in subsequent chapters.
In addition to particle size analysis from the micrographs, the powder X-Ray
diffraction patterns were analysed to gain a semi-quantitavtive estimate of the
crystallite size. This was done by the Scherrer method,223,224 which uses the
Scherrer equation (Equation 5.1) to relate the peak width to crystallite size;
B =
Kλ
LcosΘ
(5.1)
Where; B is peak width in degrees, λ is the X-Ray wavelength, Θ is the
peak position, K is the Scherrer constant and L is average crystallite size in
angstroms. The value of K frequently used is, K = 1225 this gives an estimate
of size, in more precise calculations the value ofK is changed depending on the
shape of the crystallite. It is important to define what the value gained from the
Scherrer equation represents, this value is seen as the cube root of the weight
averaged volume, assuming the crystallite is a cube. As such the value gained
from the equation, was in this case squared to give an approximate area of a
crystal face (again, assuming that the crystallite is a cube). In this context the
exact value is not important, the important factor is the variation in the value.
This is due to the fact that the peak width is affected by multiple instrument pa-
rameters, and as such in order to get a precise value of crystallite size, these
must be corrected for. However, in the semi-quantitative approach adopted the
instrument settings and sample mass etc all remained constant, and as such
any change in peak width is attributed to a change in crystallite size. The anal-
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Figure 5.3: Histograms of particle perimeter distribution
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Figure 5.4: Histograms of particle perimeter distribution
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ysis therefore gives the change in size that is responsible for the change in
peak width. Two peaks were selected for the analysis, these centred at 29.5
and 43.3 ◦ 2θ assigned to the 104 and 202 reflections respectively. Results
of the calculation (Table 5.1) show that crystallites from solutions containing or-
ganic additives (with the exception of isoprenol) showed an increase in face size.
Possible causes for an increase in crystallite size are based on the change in
solution conditions by the additive (i.e. pH, solution energy etc.) which in turn
causes a change in the critical crystallite size required for macroscopic crystal
growth. The Scherrer method, therefore, is not able to confirm the presence of
an organic without the use of other techniques.
Table 5.1: Results from Scherrer analysis of calcite precipitated in the presence of organic
adulterants
Organic Additive L (A˚) Face Size (A˚2)
Methanol 5.3 27.8
Control 6.8 46.8
Thymine 7.3 52.6
Cytosine 7.8 60.9
Uracil 8.8 78.1
Glycine 8.6 74.7
Cholesterol 9.0 81.8
Phytol 9.8 96.8
Benzoic Acid 8.1 66.1
Isoprenol 6.7 44.5
Average 7.8 63
Minimum 5.3 (∆ 2.6 A˚) 27.8 (∆ 35 A˚)
Maximum 9.8 (∆ 2.0 A˚) 96.8 (∆ 33 A˚)
Evaluation of the micrographs and the semi-quantitative Scherrer method
have shown that variations in particle and crystallite size occured in the samples
where organic adulterants were present. Additional examination of the micro-
graphs were able to identify minor morphological features consistent with calcite
crystals grown in the presence of organic species. While a quick examination
shows that the products of all precipitations have resulted in crystallisation of
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Figure 5.5: SEM micrographs of calcite crystals from control experiment showing continu-
ous lateral growth and sharp step edges
polyhedral prismatic rhombahedral calcite, smaller features of these crystals
are reflective of the growth conditions. Calcite is known to undergo a “layer by
layer” step growth mechanism,226 this results in clear well defined step edges,
and continual lateral growth as seen in the product from the control precipitation
(Figure 5.5).
Comparably the SEM images from calcite crystals grown in the presence of
organic adulterants show minor defects such as laterally discontinuous growth
(Figure 5.6), roughening of step edges (Figure 5.7) and 2 dimensional surface
nuclei not consistant with conventional calcite sprial hillocks (Figure 5.8). These
defects are consistent with the presence of organic materials interacting with the
mineral faces during crystal growth226,220,218
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Figure 5.6: SEM micrograph of calcite crystal grown in the presence of cytosine showing
laterally discontinuous growth
Figure 5.7: Calcite crystal grown in the presence of glycine showing roughened step edges
5.2.2 Effect of Precipitation Environment on the Habit and
Polymorph of Iron Oxyhydroxide
A validated method for producing akagane´ite was adapted to evaluate any ef-
fect of organic molecules on the product. Iron oxyhydroxides occur naturally
as; goethite, akagane´ite, lepidocrocite and feroxyhyte. Transformations of iron
oxides and iron oxyhydroxides have been well studied (Figure 3.1), a review on
this subject is provided by Zboril et al .227 These transformations occur primar-
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Figure 5.8: Calcite crystal grown in the presence of cholesterol showing a 2D raised nuclei
ily through a thermal pathway, and require fairly high temperatures. Therefore
modification of the product at ambient temperatures could be indicative of or-
ganic additives. Synthesis of akagane´ite is achievable though solution synthe-
sis methodology (Section 3.2.4), this method reliably produces akagane´ite, the
product from this method has been validated (Section 6.2.1.3).
The products were characterised by powder X-Ray diffraction in order to
identify the phases present in the samples. The results of this analysis showed
that akagane´ite was the sole phase present in each of the samples. Well de-
fined, sharp peaks in each case indicate a well crystallised product. As with the
analysis of the calcite product, SEM micrographs were taken in order to evaluate
morphology and particle size of the sample.
Particle size analysis by FIJI was not effective, as in all cases the recovered
material was an aggregation of very small particles. This caused problems for
the watersheding algorithm of ImageJ, which was unable to reliably separate the
image into separate particles. Due to this limitation, size analysis was carried
out by the scherrer analysis only (detailed earlier, Equation 5.1). The results
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(a) SEM of control product (b) SEM of cholesterol product
Figure 5.9: SEM micrographs of akagane´ite crystals grown in the presence of cholesterol,
phytol, benzoic acid and isoprenol
from this analysis are semi-quantitative, and therefore the important parameter
is the variation in the value of crystallite size as opposed to the value itself. Anal-
ysis was carried out on two intense peaks centred at 26.88 and 35.34 degrees
2Θ, these are assigned to the reflection from the 1¯03 and 112 sets of planes.
Table 5.2: Results from Scherrer analysis of akagane´ite precipitated in the presence of
organic adulterants
Organic Additive L A˚ Face Size (A˚2)
Methanol 4.20 17.66
Control 4.84 23.38
Thymine 4.63 21.40
Cytosine 4.60 21.15
Uracil 5.10 26.05
Glycine 4.69 21.99
Cholesterol 3.95 15.59
Phytol 5.27 27.75
Benzoic Acid 4.22 17.79
Isoprenol 4.20 17.66
Average 4.6 21.0
Minimum 3.9 (∆ 0.6 A˚) 15.6 (∆ 5.4 A˚2)
Maximum 5.3 (∆ 0.7 A˚) 27.7 (∆ 6.7 A˚2)
Results from the calculation (Table 5.2) show that the crystallite size shows
a variation between samples, it is inferred that presence of the organic molecule
caused this change. The variation is most likely caused by the organic species
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inducing a change in the critical crystallite size228 required for macromolecular
crystallisation. It should be noted that in a uncontrolled environment (i.e. a
natural rock bed) a variation in crystallite size is not necessarily indicative of
an organic material as variations in temperature, pH or ion content may cause
changes and inconsistencies. However, in this environment, where all other pa-
rameters remained constant, it suggests that the organic species does have an
influence on the crystallisation of the iron oxyhydroxide phase. However as mor-
phological effects cannot be evaluated, no conclusion about surface interactions
can be drawn, as the variation in crystallite size could be caused by a change in
solution parameters such as free energy, pH, conductivity etc. as a result of the
organic species in solution.
5.3 Conclusions
The study in this chapter was aimed at identifying if the organic species selected
for study had an effect on the crystallisation of calcite or akaganeı´te. The results
have shown that the additive caused a variation in crystallite size in both cases.
This alone is not enough to suggest if the organic was causing this change by
interacting with the solid during crystallisation or by variation of a characteristic
of the solution, i.e. pH, conductivity etc.. SEM analysis of the calcite allowed the
evaluation of morphological features, some of the observed features were con-
sistent with those observed when organic species interact directly with the crys-
tal face during crystal growth. Additionally the variation in particle size suggests
that the organic species was interfering with macrocrystallisation. Unfortunately
neither the size analysis or morphological analysis could determine with total
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confidence that a particular type of organic residue was present. This conclu-
sion reinforces the need for a sensitive and robust molecular specific analytical
technique that can be carried out with minimal interference with the sample.
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Chapter 6
Detection of Surface Immobilised
Organics in Biogeological Contexts
6.1 Introduction
The following section describes a number of experiments undertaken to im-
mobilise organic species within mineral matrices. These aim to act as anal-
ogous materials to environmental samples, where organic materials are ad-
sorbed by a mineral environment. This is a well documented process, which
occurs terrestrially where water (lake, ocean, river etc.) interfaces with natural
mineral surfaces.229,230,231,232,233 Chemical analysis of the adsorbate is often
achieved by hyphenated methodology (i.e. thermal desorption-GC-MS,234,235
solvent extraction-GC-MS,235 solvent extraction-HPLC236), while these methods
do allow quantification and identification of the adsorbate, often little information
about the organic-inorganic interface is obtained. In addition, these methods
do not allow for in-situ measurements. With these limitations in mind the devel-
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opment of a spectroscopic methodology, which allows standalone in-situ mea-
surements from which information about the organic-inorganic interface can be
drawn, while also maintaining the ability to characterise the organic adsorbate
would be highly advantageous. The development of a methodology covering
these points is described in this chapter.
A selection of organic compounds with astrobiological significance have been
identified and were described in detail earlier (Section 1.2.3), these molecules
form a group of marker molecules which will be used in the work in this chapter.
They will be allowed to adsorb from solution to the surfaces of an inorganic min-
eral, in an attempt to mimic the process which happens in a natural environment.
The resultant assemblies will be characterised and used for the development of
a novel Raman spectroscopic methodology. The organic and inorganic species
used are detailed in table 6.1. In order to develop a suitably robust methodology,
the molecules chosen represent biomarkers from multiple origins.
Table 6.1: List of organic and inorganic species used to prepare materials for study
Organic Inorganic
Glycine Calcite
Cholesterol Dolomite
Stigmasterol Goethite
Naphthalene Akagane´ite
Anthracene
Naphthol
Isoprenol
Phytol
Porphyrins
.
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6.2 Results and Discussion
6.2.1 Validation of Materials
Several alternative methods are described for the synthesis of mineral phases,
therefore a number of methods were evaluated, to find a reliable and repro-
ducible method to be used in this project. Experimental details were presented
earlier (Section 4.4.1) and results are discussed in the following sections.
6.2.1.1 Calcium Carbonate
Calcium carbonate exists in a variety of polymorphic forms (see section 3.1),
due to this it is important to identify with confidence and repeatability which
polymorph is produced by the preparative methods used. Two different methods
were found to prevail in the literature for the preparation of the calcite polymorph;
the urea method99,237 and the precipitation method190,238 the details of these
preparations can be found in section 4.4.1.1.
Synthesis of Calcite using the Urea Method A synthetic study by Refat et
al99 has shown that using various divalent metal salts and urea, is a reliable way
of forming various metal carbonates. The method of Refat et al99 was applied
to calcium carbonate. The mechanism of formation is based on the formation of
a metal-urea complex from a solution of urea and a metal chloride, followed by
its subsequent thermal decomposition into the metal carbonate, carbon dioxide,
ammonium chloride and ammonia. When applied to calcium carbonate scheme
6.2 is expected to operate.
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CaCl2 + 4 CH4N2O −→ Ca[CH4N2O]4Cl2 {6.1}
Ca[CH4N2O]4Cl2 + 5 H2O
80◦C−−−→ CaCO3 + 3 CO2 + 2 NH4Cl + 6 NH3 {6.2}
As described in section 4.4.1.1, an investigation was carried out to determine
the effect reaction time had on the product, three identical compositions were
stored at 80 ◦C for 1, 3 and 7 days. Products obtained after 1 and 3 days were a
mixture of both calcite and aragonite, whereas the product obtained after 7 days
was pure calcite. PXRD of the products were consistent with these assignments
6.1.
Synthesis of Calcite using the Precipitation Method One of the most com-
mon methods for producing metal carbonates found in the literature is the pre-
cipitation method.237 This method is a simple salt metathesis reaction involving
the mixing of two solutions (with stoichiometric ratios determining the concen-
trations) at a temperature which suits the solubility of the carbonate to be pre-
cipitated. The method described in section 4.4.1.1 follows the reaction outlined
in scheme 6.3
Na2CO3 (aq) + CaCl2 (aq) −→ CaCO3 (s) + 2 NaCl (aq) {6.3}
The powder X–ray diffraction pattern of the recovered solid (Figure 6.2a)
confirms that the only phase present in the product is calcite. 2θ Values are
compared to values calculated in table 6.2.
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Figure 6.1: Powder X–ray pattern of the products of the urea method. Calcite peaks in
red, aragonite peaks in black, Miller indices (h, k, l) above peaks, peak positions calculated
from unit cell values shown as drop lines (calcite: red, aragonite: black)
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Figure 6.2: Analysis of the product of the precipitation method
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Table 6.2: Calculated and observed peak positions for the product of the precipitation
method
h k l d (A˚) 2 θ(calc)(◦) 2 θ(obs)(◦) ∆ 2 θ(◦)
1 0 -2 3.90 22.74 23.27 0.44
1 0 4 3.07 28.97 29.61 0.55
2 -1 0 2.52 35.48 36.20 0.63
2 -1 3 2.31 38.86 39.64 0.12
The infrared spectrum of the product was recorded and peak positions were
consistent with those observed from calcite.178,239,240 Peaks assignable the var-
ious modes of the CO3
2− ion, specifically symmetric and asymmetric stretching
(ν1 and ν2) and out-of-plane and in-plane bending modes (ν3 and ν4) were ob-
served. In addition to the first-order internal modes, various combination bands
are also observed (Figure 6.2b). Differences in the position of the ν3 band are
consistent with the broad nature of the peak, differences in quoted positions
likely arise from inconsistency in peak peaking methods.
Table 6.3: Infrared bands of the product of the precipitation method and those of calcite240
Infrared
ν (Cm−1) ν (Cm−1) Assignment
Figure 6.2b Gunasekaran et al240
712 712 ν4-Symmetric CO3 deformation
870 874 ν2-Asymmetric CO3 deformation
1087 – ν1-Symmetric CO3 stretching
1392 1425 ν3-Asymmetric CO3 stretching
1794 1798 ν1 + ν4
2509 2514 2ν2 + ν4
Both these methods allow the synthesis of a pure calcite product, however
the precipitation method provides a more convenient route to the desired prod-
uct. Throughout this study the synthesis of calcite was carried out exclusively by
the precipitation method. Each batch was characterised independently before
use and was identical.
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6.2.1.2 Goethite
Goethite was prepared by the method is most commonly and cited in the liter-
ature.126 This method involves the ageing of hydrolysed ferric nitrate solutions.
The product of this reaction was characterised by PXRD and FT-IR. A detailed
account of the preparation can be found in section 4.4.1.2.
Powder X–ray diffraction data for the goethite sample was compared with
data calculated from the cell parameters of goethite (Figure 6.3a and table 6.4).
PXRD peaks are relatively broad which is consistent with the sample having a
small crystallite size, additionally the absence of a “halo” in the PXRD suggests
that the sample contains little amorphous content.
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Figure 6.3: Analysis of the goethite product
The infrared spectrum (Figure 6.3b) is consistent with diagnostic reference
values (table 6.5). The difference observed in the ν(OH) peak arises from the
broad nature of the band, which itself arises from variation in the type of OH
groups in the goethite structure. Variation in the peak position is expected due
to inconsistencies in peak peaking methodology, as well as variation in the dis-
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Table 6.4: Calculated and observed peak positions for goethite
h k l d (A˚) 2 θ(calc)(◦) 2 θ(obs)(◦) ∆ 2 θ(◦)
2 0 0 4.98 17.79 17.84 0.06
1 0 1 4.18 21.25 21.22 -0.03
2 0 1 3.38 26.34 26.28 -0.06
3 0 1 2.69 33.23 33.24 0.01
2 1 0 2.58 34.67 34.73 0.06
1 1 1 2.45 36.66 36.63 -0.03
2 1 1 2.25 39.97 39.99 0.02
4 0 1 2.19 41.17 41.20 0.03
3 1 1 2.01 45.04 45.02 -0.01
4 1 0 1.92 47.23 47.33 0.09
tribution of the types of OH moiety in the structure of goethite.
Table 6.5: Infrared bands of goethite242,241
Infrared
ν cm−1 ν cm−1 Assignment
Figure 6.3b Prasad et al241
792 795 γ(−OH)
890 887 δ(−OH)
1001 1082 γ′(−OH)
1645 1634
1786 1707 δ′(−OH)
3124 3177 ν(OH)
3608 3480 ν(HOH)
The method followed (as described by Atkinson et al126) provided a simple
and convenient route to obtaining goethite, without significant crystalline impuri-
ties. Each batch was independently characterised using FT-IR and PXRD before
use.
6.2.1.3 Akagane´ite
Akagane´ite was synthesised based on the method of Murad.141 The recov-
ered material was characterised by powder X–ray diffraction and infrared spec-
troscopy.
PXRD peak positions were consistent with those calculated from the unit
cell parameters, the sharp peaks (Figure 6.4a) indicate a product with good
crystallinity, and a larger crystallite size than that of goethite. The particle size
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was smaller than the goethite phase which resulted in difficulty filtering the prod-
uct. Therefore the product was recovered by centrifugation. A halo is present in
the PXRD pattern indicating more amorphous content than was observed in the
goethite sample, where the halo was not present.
 
Co
un
ts
 (A
rb
. U
ni
ts
)
50
100
150
200
250
300
2 Theta (o)
10 20 30 40 50
2
1,
0,
-1
2,
0,
0
2,
0,
2
0,
0,
4
1,
0,
3
1,
1,
2
2,
0,
4
0,
1,
3
2,
1,
-3
1,
0,
5
4,
1,
1
4,
0,
4
(a) Powder X–ray pattern of aka-
gane´ite. Miller indices (hkl) displayed
above peaks
 
%
 T
ra
ns
m
is
si
on
75
80
85
90
95
100
Wavenumber (cm-1)
500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500
3
(b) Infrared spectrum of akagane´ite
Figure 6.4: Analysis of the goethite product
Table 6.6: Calculated and observed peak positions for akaganeı´te
h k l d (A˚) 2θ(calc)(◦) 2θ(obs)(◦) ∆2θ(◦)
1 0 -1 7.423273 11.91 11.9 -0.01
2 0 0 5.25953 16.84 16.78 -0.06
2 0 2 3.719456 23.9 23.93 0.03
1 0 3 3.321974 26.81 26.79 -0.02
0 0 4 2.625126 34.12 34.1 -0.02
1 1 2 2.545615 35.22 35.25 0.03
2 0 4 2.353006 38.21 38.28 0.07
0 1 3 2.291338 39.28 39.33 0.05
2 1 -3 2.105057 42.92 42.87 -0.05
1 0 5 2.061202 43.88 43.91 0.03
4 1 1 1.953758 46.43 46.36 -0.07
4 0 4 1.859973 48.92 48.93 0.01
The infrared spectrum was recorded and is displayed in figure 6.4b, band
positions were compared to those of various literature sources243,141 for aka-
gane´ite. A table of band positions and assignments can be found in table 6.7.
Peaks in the infrared spectrum were assigned based on studies by Cai et
al243 and Murad et al .141,244 Peaks were found to correspond to the reference
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values (Table 6.7), however as with the goethite sample, a shift in the ν(OH)
band is again observed, and is similarly explained by the distribution of the
various types of OH moiety present in the structure. An interesting artefact
of the sample preparation was observed at ca. 1015 cm−1 where an assumed
exchange of halide ion from Cl to Br (from the KBr) is thought to occur, this
exchange has an effect on the hydroxyl modes, possibly by hydrogen bonding
(-OH...Cl and -OH...Br).244
Table 6.7: Infrared bands of akagane´ite244
Figure 6.4b Murad244 Assignment
ν¯(cm−1) ν¯(cm−1)
799 707 δ(−OH)
891 850 δ(−OH)
1014 1015 KBr artifact
1646 1627 ν(OH/H2O)
3107 - ν(HOH)
3609 3487 ν(OH/H2O)
Characterisation of the material by PXRD and IR spectroscopy confirmed a
product of akagane´ite without any significant impurities was obtained. Sharp
PXRD peaks are consistent with a product with good crystallinity. This method
was used exclusively throughout this study for the synthesis of akagane´ite. Each
batch was characterised by FT-IR and PXRD prior to use.
6.2.1.4 Characterisation and Quantification of Organic Species Immobilised
on Mineralogical Material
An understanding of the interactions of biomolecules with the surfaces of min-
erals is important for the detection of biomarkers both; terrestrially and extra-
terrestrially. Before methods can be used on natural samples (rocks and sedi-
ments), logical testing in a laboratory setting must take place. Representative
model compounds are often used as a basis for further testing on field samples.
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In the experiments described in this section a series of organic species were
immobilised, from solution, on the surface of inorganic mineral phases. Exper-
imental details were described earlier (Section 4.6.1). The assembled materi-
als were evaluated using powder X–ray diffraction, thermogravimetric analysis
and infrared spectroscopy. These methods were chosen as they represent a
standard set of characterisation methods which are routinely carried out in a
laboratory setting. Powder X–ray diffraction, allowed for conformation of phase
integrity of the mineralogical material after exposure to organic solutions. It
would be unexpected that PXRD would allow for the detection the organic de-
posit, as: (i) the amount of organic species present is likely to be below the
limit of detection for PXRD which is typically as between 3 – 10 % w/w245,94,246);
and (ii) the material may not be on the surface as crystalline deposits, and as
such would require a separate specialist methodology (such as grazing inci-
dence PXRD) in order to interrogate the surface with X–ray diffraction.247 How-
ever, as the mineralogical materials were characterised prior to treatment with
the organic solution a change in mineralogy (dissolution of the primary mineral
and formation of a secondary mineral) could be indicative of an organic envi-
ronment/organic molecules.248,249 This would be unexpected in the time scales
of these experiments, however organic materials (biological250,251 and dissolved
species252,253,254) have been shown to accelerate these processes in natural en-
vironments and so consideration of these effects is necessary. Results of the
PXRD confirmed that the mineralogy of the samples was identical before and
after exposure to the organic solution. No additional peaks attributable to crys-
talline deposits of organic material were observed in any of the samples, the
reasons for this are suggested to be those discussed above.
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Thermogravimetric analysis (TGA) was employed with a view of confirma-
tion and quantification of additional mass in the sample after exposure to the
organic solution. TGA provides a sensitive measurement of the mass loss of
a sample during heating. As each mineral phase has a highly characterised
thermal decomposition, mass loss above the mineral profile would correspond
with the removal of material introduced into the sample after exposure to organic
solutions. Careful consideration of the temperature at which the mass loss oc-
curs allows suggestion of the identity of the material being lost, this provides a
quantitative assay of the organic content. A secondary evaluation of the TGA
traces will be made to see if any stabilisation of the organic species is observed
(i.e. desorption above the usual boiling/decomposition temperature of the or-
ganic species). The use of TGA for evaluation of adsorbed organic species is
found in the literature.255,256,257,258 Thomas et al255,256 observed that TGA pro-
vided an obvious way to quantify the mass of the organic species adsorbed on
mineral faces. In this study ambient to 500 ◦C, provided a temperature range in
which all organic species are volatile and where mineral transformations would
be minimal, so they would not interfere. These parameters allowed for the quan-
tification of mass loss above the mineral profile. The temperature of the loss cor-
responds to the expected temperature range at which organic material present
in the sample would volatilise (Table 6.8). Analysis of the TGA traces proceeds
by determining where individual mass loss steps start and finish. The tempera-
ture range in which this mass loss occurs is indicative of the type of sorption of
the species. For example the TGA trace of the calcite–glycine sample (Figure
6.5) shows two distinct mass loss steps, the first stage is likely the desorption
of loosely bound or physisorped glycine, followed by a decomposition of the
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more strongly or chemisorped bound molecules.259 Natural mineral samples
showed more complicated mass loss traces, presumably due to containments
such as ionic inclusions. In these samples an estimation of organic content was
made by evaluating mass loss steps in the temperature ranges they were seen
in the pure, synthesised samples. This situation demonstrates a limitation of
the technique, this being that no molecular specificity is available. Regardless,
the observation of additional mass being present, along with the trace shape
and temperature range in which mass loss was observed suggests that organic
species are present in the samples and that they are undergoing interactions
with the mineral surface.
Table 6.8: Amounts of organic species adsorbed to carbonate minerals
Mineral Organic Species Onset of Loss (◦C) % loss total mass (mg) mass loss (mg)
Calcite Isoprenol 445 1.1 0.76 0.0084
Calcite Phytol 360 1.3 0.37 0.0048
Calcite Naphthol 183 1.1 0.53 0.0058
Calcite Naphthalene 160 1.8 0.79 0.0014
Calcite Anthracene 200 1.4 1.79 0.0025
Calcite Cholesterol 360 1.5 1.32 0.0198
Calcite Stigmasterol 370 0.6 2.38 0.0143
Calcite Glycine 140 0.7 1.14 0.0080
Calcite TPP 220 3.1 2.49 0.0077
Calcite TPyP 215 2.7 3.48 0.0094
Dolomite isoprenol 373 1.1 0.40 0.0041
Dolomite Phytol 360 1.5 0.88 0.0132
Dolomite Naphthalene 200 1.1 2.00 0.0022
Dolomite Anthracene 190 1.8 1.62 0.0029
Dolomite Naphthol 300 0.9 1.54 0.0143
Dolomite Cholesterol 350 1.1 0.58 0.0063
Dolomite Stigmasterol 400 1.6 2.42 0.0385
Dolomite Glycine 200 0.6 1.34 0.0080
Dolomite TPP 205 4.0 2.95 0.0118
Dolomite TPyP 225 2.22 1.61 0.0035
The TGA traces suggest that the amount of organic species does not ex-
ceed ca. 1.8 % w/w of the samples, with the exception of the porphyrin samples
which were up to ca. 3 % w/w. This small amount, makes in-situ molecular
specific detection challenging. TGA traces for the iron oxide mineral – organic
materials showed mass loss attributable only to the changes of the mineral itself.
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Figure 6.5: TGA of glycine adsorbed to calcite
This suggests that either no organic has adsorbed to the surface or the amount
is undetectable by TGA. As the latter is unlikely due to the sensitivity of the
technique, it is most likely that the iron oxide minerals did not adsorb any of the
organic species from solution. A simple explaination for this is that the surface of
iron oxide minerals are dominated by surface hydroxyl groups129 which remain
protonated throughout the pH range and therefore act only as a hydrogen bond
donors,229 whereas the carbonate minerals contain cationic surface carbonate
groups which may be; bare, protonated or hydrated in solution and therefore
exhibit both; hydrogen bond donor and acceptor character.260 Also noteworthy,
is the variation in onset temperatures and the shapes of the curves for the loss
of the organic species, for the most part these are above the melting/boiling
points of the individual components and even stretch to above the decomposi-
tion points, this suggests that the organic species are stabilised by interactions
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with the surface of the mineralogical material, and also confirms that the material
is infact adsorbed through surface interactions (hydrogen bonding etc) and that
it has not just crystallised through an epitaxial growth mechanism. The shapes
of the curves also suggest that in some cases a two step “desorption” takes
place where a portion of the organic is desorbing and a second portion is then
decomposing.259 Although TGA is able to detect the presence of the organic
species, it does not allow for molecular identification of the organic therefore a
more molecular specific method of detection would be advantageous.
Fourier transform infrared spectroscopy was performed using an ATR acces-
sory, studies by Johnson et al261 and Snow et al ,262 have shown that infrared
spectroscopy can be utilised for the evaluation of surface coumpounds. The
FT-IR spectrum of each sample where organic material was confirmed by TGA
(Table 6.8) was recorded five times, in each case the spectrum was identical to
that of the respective mineral material. The absence of peaks corresponding to
the organic species suggests that the amount the organic species present falls
below the detection limit of the IR instrument. This response, represents the
need for a vibrational spectroscopic methodology that is capable of detecting
and identifying adsorbed organic species. The next section looks at the de-
velopment of a suitable methodology using Raman spectroscopy. In summary
PXRD and FT-IR were only able to confirm that the mineralogy of the samples
were unchanged after exposure to the organic solution. TGA showed limited ef-
fectiveness, however an estimate of organic content was able to be made from
careful evaluation of the mass loss traces.
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6.3 Development of a Raman Spectroscopic Method
to Detect Surface Immobilised Organic Species
It has been suggested that Raman spectroscopy is a useful tool for the identi-
fication of biomarkers in geological (and astrobiological) environments263,70 ow-
ing to its in-situ, low preparation sampling capabilities and also its molecular
specificity. With this in mind a systematic investigation of the applicability of
Raman spectroscopy to the organic-inorganic material assemblies was under-
taken. The development of the Raman spectroscopic method was defined in
three phases. The first phase, involved a study to obtain clear spectra of all the
starting materials involved (both organic and inorganic), this was carried out to
provide some insight into appropriate laser lines and instrumental parameters
for subsequent detection of the molecular species. Both 735 nm and 632.5 nm
excitation wavelengths give good results for both organic and inorganic mate-
rials, however 632.5 nm gave spectra containing fewer optical and florescence
related effects, such as the broad artefact (at 1000 cm−1 – 2000 cm−1) which is
an optical artifact observed with a 785 nm laser at 20x magnification and also a
small peak at ca. 2580 cm−1 related to the CCD, both of which can be observed
in figure 6.6).
In addition to this the 632.5 nm laser line gave much clearer spectra of the
inorganic materials, with instrumental parameters having a greater effect on re-
duction of fluorescence and improvement of I/σ values (Figure 6.7). As a result
of this study the 632.5 nm excitation laser was used throughout this study with
the exception of the excitation of the porphyrin molecules for resonance Raman
studies (Figure 6.8).
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Figure 6.6: Raman spectra of calcite recorded with 632.5 nm (bottom trace, black) and 785
nm (top trace, red) excitation wavelengths
The 514.5 nm laser line was not deemed appropriate for all samples as the
higher energy leads to thermal degradation of some samples.264 An example of
this can be seen in figure 6.9 where too high a laser power causes the thermal
transformation of goethite to haematite. A shift in the FeO symmetric bending
mode from ca. 400 cm−1 in goethite to ca. 412 cm−1 in haematite can be
observed clearly, this takes place due to the transformation of FeOH to FeO.
In addition to this asymmetric FeO stretching bands at 470 and 550 cm−1 in
the goethite spectrum disappear and are replaced by FeO symmetric stretching
bands at 500 and 613 cm−1 in the haematite spectrum.265,266
The vibrational modes in the Raman spectrum of the majority of the organic
species and mineral phases have been assigned in the literature. Spectra have
been evaluated for bands which can be considered ’diagnostic’ of the molecule,
these were chosen as they are relatively intense in the spectrum of the material.
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Figure 6.7: Spectra of goethite recorded using a 632.5 nm laser line with various instru-
mental parameters. Top left: varying exposure times, top right: varying accumulations,
bottom: varying laser power
These bands provide a point of identification for the molecule within the spectra
of the material assemblies.
The second phase of the development was based around using dispersive
Raman spectroscopy to interrogate the prepared samples. This involved using
a variety of instrumental parameters (i.e. exposure times, accumulations, pho-
tobleaching etc.) to interrogate the materials. Regardless of the instrumental
parameters, the observed spectra corresponded to those of the base miner-
alogical material. This leads on to the third phase of the development, which
involves the use of enhanced Raman spectroscopic techniques to increase the
sensitivity of the technique with respect to the organic species.
The applicability of surface enhanced Raman spectroscopy (SERS) using
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wavelengths
a silver colloid was investigated. Conventionally the colloid is applied in the
solution phase, whereby analyte molecules are able to interact with the silver
nanoparticles and an increase in their Raman signal is observed. Alternatively
SERS measurements take place on a roughened metal surface, in this instance
the analyte is directly deposited onto this surface (by methods such as; vapour
deposition or electrochemical deposition). Neither of these methods are appro-
priate here, the environment of the analyte is important and desorption of the
molecule from the mineral surface will cause the loss of information related to
interactions at the organic–inorganic interface to be lost from the sample. The
approach taken in this work involved allowing a small amount (<10 µL) of the
colloid to dry directly onto the sample surface. This would minimize the inter-
ference with the surface environment, and create a “sandwich” (Figure 6.10)
type arrangement allowing the silver nanoparticles to contact the surface of the
organic–inorganic array and potentially facilitate the enhancement of the Raman
signal by allowing the electromagnetic field of the nanoparticles to interact with
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Figure 6.9: Left: light microscope image of scorch mark on goethite sample after excitation
with high powered laser. Right: Raman spectra of same area of goethite sample before
(bottom trace, black) and after (top trace, red) excitation with high powered laser
the organic molecules on the mineral surface.
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Figure 6.10: Representation of arrangement of silver nanoparticles after deposition
The SERS effect solves the intrinsic inefficiency of the Raman process and
as such allows previously undetectable information to become visible. Its combi-
nation of superior sensitivity and display of structural information make it a valu-
able technique for sensing applications such as that investigated in this work.
Two mechanisms of operation have been suggested for SERS,274 these are
explained in more detail in sections 2.5.2.1 and 2.5.2.2. Briefly, the electromag-
netic enhancement (Section 2.5.2.1) is caused by an increase in the local field
when incident light excites the metal, an analyte in proximity to the metal will
be effected by the increased field strength as it propagates parallel to the metal
129
6.3 Development of a Raman Spectroscopic Method to Detect Surface
Immobilised Organic Species
Table 6.9: Literature sources of Raman assignments
Marker Assignment Band (cm-1) Reference
Glycine δ(NH2) 734 Stenba¨ck267
ν(C-NH3+) 1340
ν(CH2) 1460
Naphthol Ring Breathing 735 Ram et al268
νasym(CCC) 1016
Cholesterol ν(C-C) 427 Faiman269
ν(C-O) 1650
Stigmasterol ν(C-H) 2847 Faiman269
ν(C-H) 2877
ν(C-H) 2921
Naphthalene Ring Breathing 511 (br) Srivastava270
Ring Breathing 1056
Anthracene Ring Breathing 580 (br) Abasbegovic´ et al271
Ring Breathing 1012
TPP ν(C-Phenyl) 1240 Stein et al272
νasym(C-C) 1553
TPyP ν(C-Phenyl) 1245 Kobayashi et al273
νasym(C-C) 1556
ν: Stretching, δ: Bending, asym: asymmetric
surface. Secondly, the chemical enhancement method (Section 2.5.2.2) occurs
when an analyte is chemically bound to the metal surface. Enhancement can be
caused by one of two effects; firstly through charge transfer involving transitions
from the metal to the molecule (or vice versa), or secondly the formation of a
surface complex, causing a shift in the chemical properties. It seems reasonable
to assume a ’sandwich’ like deposition which will facilitate a SERS enhancement
from the organic adsorbate and additionally allow the SERS effect to extend to
the organic – inorganic interface. This assumption is based on the fact that
SERS does not require direct contact between the metal surface and the ana-
lyte molecule, however the effect does strongly decrease with growing distance.
The relationship is a simple power law;275
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G =
r
(r + d)
x
(6.1)
Where; G is the electromagnetic enhancement factor, r is the radius of the
spherical nanoparticle and d is the distance from the nanoparticle and x is the
power index. For a spherical particle the value for x = 12 was proposed by
Kneipp et al based on a theoretical evaluation of all the involved factors.276 The
decay of the effect is desribed by276 [1/d]3 to the fourth power giving [1/d]12
6.3.1 Evaluation of Effectiveness of SERS when Applied to
Surface Adsorbed Organic Species
The methodology described in the previous section for deposition of the SERS
substrate onto the surface of the materials, was applied to samples where an
organic molecule was assumed to be immobilised on the surface of an inorganic
phase. Spectra were recorded for each sample and evaluated for the diagnostic
bands described earlier in table 6.9. I/σ values were calculated (Figure 6.11) for
observed peaks. Where a peak was not observed, the I/σ value was calculated
at the position (ν¯) where a peak would be expected (Table 6.10).
The detectability of the Raman bands was evaluated using the I/σ values
at the wavenumber of the previously determined diagnostic bands (Table 6.10).
Values where a peak is detected are highlighted in bold type in the table, some
of these values represent relatively low I/σ values (<2). However, in each
case the I/σ values are increased in the SER spectrum of the material and
visual examination of the spectrum confirmed a peak was present. Most of
the molecules where detection is confirmed display large I/σ values and so
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Table 6.10: Diagnostic bands and their visibility in bare Raman spectra and SERS mea-
surements
I/σ (See Figure 6.11)
Calcite Dolomite Akaganeite Goethite
Marker Assignment Band
(cm−1)
BRS SERS BRS SERS BRS SERS BRS SERS
Glycine δ(NH2) 734 0.87 0.90 0.74 1.87 0.98 0.88 0.83 0.93
ν(C-NH3+) 1340 0.57 0.58 0.89 2.01 0.87 0.78 0.72 0.58
ν(CH2) 1460 0.76 0.80 0.93 2.55 0.85 0.98 0.68 0.70
Naphthol Ring Breathing 735 0.83 1.73 0.68 0.00 0.76 0.91 0.82 0.72
νasym(CCC) 1016 0.96 1.86 0.73 0.00 0.89 0.58 0.86 0.94
Cholesterol ν(C-C) 427 0.80 1.53 0.64 0.00 0.75 0.96 0.75 0.87
ν(C-O) 1650 0.72 3.47 0.78 0.00 0.69 0.83 0.69 0.85
Stigmasterol ν(C-H) 2847 0.40 0.92 0.82 7.15 0.87 0.85 0.71 0.92
ν(C-H) 2877 0.68 0.87 0.93 7.85 0.83 0.96 0.83 0.94
ν(C-H) 2921 0.92 0.81 0.87 6.00 0.63 0.92 0.78 0.85
Naphthalene Ring Breathing 511
(br)
0.85 0.83 0.53 10.18 0.73 0.96 0.65 0.84
Ring Breathing 1056 0.93 0.78 0.68 12.79 0.84 0.83 0.73 0.81
Anthracene Ring Breathing 580
(br)
0.69 8.00 0.91 7.88 0.87 0.78 0.91 0.73
Ring Breathing 1012 0.57 17.60 0.99 14.65 0.79 0.71 0.84 0.79
TPP ν(C-Phenyl) 1240 1.40 11.57 1.58 8.63 0.82 0.64 0.81 0.94
νasym(C-C) 1553 8.10 11.44 1.63 13.33 0.98 0.78 0.89 0.84
TPyP ν(C-Phenyl) 1245 1.13 16.54 1.16 7.78 0.85 0.82 0.97 0.89
νasym(C-C) 1556 1.12 33.24 2.00 22.22 0.79 0.74 0.58 0.93
BRS: Bare Raman Spectrum, SERS: Surface Enhanced Raman Spectrum
ν: Stretching, δ: Bending, asym: Asymmetrical
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Figure 6.11: Graphical description of I and σ parameters of spectrum
there can be no question as to the effectivnes of the SERS method in these
cases as the peaks are very clear in the spectra i.e. the SERS spectrum of
anthracene immobilised on calcite shows bands at 580 cm−1 and 1012 cm−1
which were clearly not present in the bare spectrum. These bands have I/σ
values of 8 and 17.6 respectively (Figure 6.12). The materials where detection
was observed are in agreement with the TGA data, i.e. the TGA traces which
did not show a clearly assignable organic mass loss, also did not respond to the
Raman methods.
A method for further increasing the enhancement was evaluated, this was
based around utilising the additional enhancement of the resonance Raman ef-
fect in combination with the surface enhanced Raman effect, to create a surface
enhanced resonance Raman effect (SERRS).277 This was used on the samples
containing porphyrin molecules. These species have an absoption band close
to the excitation laser line (at 514.5 nm in this case (Figure 6.13)). This causes
an increase of energy transferred to the vibrational modes thereby increasing
the intensity of the Raman signal.
The non-surface enhanced resonance Raman spectrum of the porphyrin
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Figure 6.12: Standard dispersive Raman (red) and SER (black) spectra of anthracene
absorbed to synthetic calcite ( intensities have been normalised for clarity)
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Figure 6.13: Absorption maxima of TPP, TPyP and NMe-TPyP
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molecules show bands assignable to some vibrational modes of the porphyrin,
as such it can be seen that the resonance effect itself is sufficient to cause a
large enough increase in sensitivity to facilitate detection of porphyrin species
against the mineral background, this is expected and is in line with observations
by Stein et al272 and Kobayashi et al .273 When coupled with the surface en-
hanced method another large increase in spectral intensity is observed (Figure
6.14).
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Figure 6.14: Resonance Raman (red trace, bottom) and SER Raman (black trace, top)
spectra of TPP immobilised on the surface of natural calcite
6.3.2 Evaluation of Surface Chemistry of Organic Species
Immobilised on Mineralogical Materials by SERS
The development of the SERS method provides an analytical methodology for
detection of surface immobilised organic species. As with all spectroscopies,
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curve fitting and hence the determination of peak parameters form a large part
of the analysis of Raman and SER data. This allows true values of peak posi-
tions and intensities to be found from the data which may be noisy or where I/σ
values are low. Curve fitting proceeded iteratively until the final solution gave an
R2 value of >0.95, and the “goodness-of-fit” (reduced χ2) value was minimized.
Curve fitting was carried out using a Gaussian function, this was chosen as this
is the expected line shape in solid materials.278,279 This arises as the coherent
vibration of the system is lost quickly when compared to the motion of the envi-
ronment or τc >>τa where τc is the correlation time (or rate at which coherence
in vibration is lost after excitation) and τa is the amplitude coherence time (or
the energy relaxation of the excitation itself). The Gaussian function used by the
GRAMS/AI is as follows;
f(x) = He
−
(
x−x0
w
2
)
(4ln (2)) (6.2)
Where; x0 is position, H is height and W is width. Conversely if τa >>τc
(as is the situation for a gaseous environment) then the observed line shape be-
comes Lorentzian, the situation for a liquid sample lies somewhere in the middle
and can be fitted using a mixed Gaussian and Lorentzian function, (sometimes
called a pseudo-Voight function), which is a simple addition of the functions de-
scribed as;
f(x) = (l −M)(Gauss) + (M)(Lorentz) (6.3)
Where; M is the % Lorentzian and Gauss and Lorentz are the Gaussian
and Lorentzian functions respectively. As a result of the peak fitting operations
136
6.3 Development of a Raman Spectroscopic Method to Detect Surface
Immobilised Organic Species
absolute values for peak positions and therefore quantification of changes in
spectra in the organic-inorganic materials can be more easily evaluated.
Following peak fitting, absolute values of peak positions were compared with
those of the crystalline starting materials. This comparison allowed informa-
tion about the environment of the immobilised molecule and subsequently the
organic–inorganic interface to be gained.
Diagnostic peaks due to the presence of glycine were observed in the SER
spectrum of the glycine-dolomite complex, they were however relatively weak
with the I
σ
for the most intense signal being 2.6. However the bands that were
observed are of potential importance and allow discussion of the mechanism of
adsorption of the molecule to the mineral face. Initially the region of 800 – 1060
cm−1 draws attention (Figure 6.15), this region shows more peaks in the SER
spectrum of the complex than are observed in the spectrum of solid glycine.
In this region glycine displays two peaks; the first at 892 cm−1 and the second
at 1035 cm−1 which are assigned as ν(CO2) and ν(CN) respectively.267 The
SER spectum of immobilised glycine shows broad bands in this area, decon-
volution of these gives seven bands at 994, 966, 907, 894, 860, 824 and 810
cm−1. The bands at 860, 824 and 810 cm−1 do not feature in the spectrum
of solid glycine and appear in a region where they may represent interactions
between the metal ions of the mineral (Ca and Mg) with the glycine molecules.
The bands at 994, 966, 907 and 894 cm−1 represent a shift from bands in the
spectrum of solid glycine, these bands are also very broad and consist of mul-
tiple convoluted bands arising from differing contributions from interactions of
the involved functionalities. A broad band at ca. 900 cm−1, deconvolutes to two
bands at 894 and 907 cm−1 these are assigned to a splitting of the band at 892
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cm−1 from the spectrum of solid glycine this indicates that the carboxylate func-
tionality may have additional contributions from C=O, C-O, CO−2 , COO...M etc,
whereas a very broad band at ca. 975 cm−1 which deconvolutes to two bands
at 994 and 966 cm−1 which represent shifting and spliting of the ν(CN) band
indicating it may encompass contributions from C-NH2, C-NH+3 , CNH2...M etc.
The shifts and broadening of these two bands indicate that both the carboxy-
late and the C-N bonds are existing in a different environment from that of the
solid (i.e. involved in interactions). Barlow et al280 reported a situation where an
acidic proton is lost by glycine when adsorbing onto a surface, this may account
for the shift in the ν(CO2) band. The proton can then be either evolved as H2,
transferred to the amino group (converting it to NH+3, which may account for the
shift in the ν(CN) band) or transferred to a suitable site on the mineral surface
(protonation of a surface carboxyl to hydroxyl group).281,282,283
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Figure 6.15: Left: 800 – 1080 cm−1 region of spectra of glycine (red trace) and surface
immobilised glycine (black trace). Right: same region after peak fitting (black crosses:
original data, green trace: fitted trace, blue traces: fitted peaks and red trace: solid glycine)
Other features in the SER spectra are hard to distinguish with confidence
(Figure 6.16); the best solution to curve fitting reveals 3 broad bands centered
at 1315, 1385 and 1445 cm−1 which can be assigned to; τ (CH2), ν(CO2) and
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CH2Scissoring respectively.
267 The ν(CO2) band at 1385 cm
−1 (as in the case of
the ν(CO2) band at 900 cm
−1) shows a shift from 1354 cm−1 in the solid glycine
spectrum. The band at 1556 cm−1 is assigned to the δsym(NH), which shows a
shift from the position in the bare Raman spectrum which is 1567 cm−1.267 This
shift is to be expected if the NH2 or NH
+
3 group of the molecule is interacting with
either the mineral or silver surfaces.
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Figure 6.16: Left: 1200 – 1600 cm−1 region of spectra of glycine (red trace) and surface
immobilised glycine (black trace). Right: same region after peak fitting (black crosses:
original data, green trace: fitted trace, blue traces: fitted peaks and red trace: solid glycine)
All this information does not allow an unequivocal determination of the ori-
entation of the glycine molecule on the mineral surface. It does however allow
the presentation of some options, an interaction is clearly taking place involving
the carboxylate functionality, this means either the N-C-C backbone is parallel
or perpendicular to the surface (Figure 6.17, B-G), if it is parallel then interac-
tion with the surface may be taking place through NH...O and OH...O hydro-
gen bonding (Figure 6.17, B and D) or through M(Metal Ca/Mg)...N and M...O
bonding (Figure 6.17, E and G). However if the backbone is perpendicular then
bonding may take place through O...H hydrogen bonding (Figure 6.17, C) or
O...M bonding (Figure 6.17, F). Costa et al282 and Escamilla-Roa et al284 have
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Figure 6.17: Molecular structure of glycine and possible mechanisms of its interaction with
a dolomite surface
shown cases where glycine has bonded to a surface through a chemisorption
mechanism using the same motif as in figure 6.17, E and three bands at 860,
824 and 810 cm−1 are present in the SER spectrum but not the Raman spec-
trum of solid glycine are observed in a region where M...O and M...N bands have
been observed.
Naphthalene and anthracene were both detected in the PAH-mineral com-
plex on carbonate minerals, not on the iron oxyhydroxides, this fits with earlier
observations from TGA traces, where no mass loss attributable to PAHs was
seen in the mass loss traces of the iron oxyhydroxide. In the carbonate com-
plexes the mineral bands were still prominent in the spectrum, however bands
assignable to the PAH’s were observed. An important band to evaluate with the
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PAHs is the ring breathing band. In both cases the band shows a significant
shift, from 762 cm−1 to 733 cm−1 in the naphthalene complexes and from 751
cm−1 to 732 cm−1 in the anthracene complexes. This holds significance as a
study by Costa et al285 found that there was no significant shift in the ring breath-
ing band of either PAH caused by interaction with a SERS surface, therefore it is
likely that the large shift in ring breathing is caused by the PAH interacting with
the mineral surface.
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Figure 6.18: Left: ring breathing band in the spectra of naphthalene (red trace) and naph-
thalene immobilised on calcite (black trace). Right: ring breathing band in the spectra of
anthracene (red trace) and anthracene immobilised on calcite (black trace).
If this shift in the ring breathing band is due to the plane of the ring interacting
with the mineral surface, it is likely that the molecule is adopting a flat conforma-
tion with the plane of the ring system parallel to the surface (Figure 6.19). This
hypothesis is supported by a study by Tunega et al286 which showed that when
absorbed to mineral surfaces the PAH molecules exhibit a flat conformation.
A derivitised PAH, β-naphthol was also used, SER spectra of the carbonate
complexes showed bands assignable to the organic species. The ring breathing
band of napthol in the bare Raman spectrum appears at the same wavenum-
ber as the ν(CO) band of calcite, and as a new band was not observed in the
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Figure 6.19: Molecular structure of naphthalene and anthracene and their possible mech-
anisms of interaction with a calcite surface
SER spectrum it can be suggested that a significant shift in the ring breathing
frequency was not observed. γ(CH) and δ(CCC) bands of napthol were ob-
served at 724 and 1013 cm−1 respectively. Another notable absence is that of
the ν(CO) band which would be expected between 1600-1700 cm−1. The en-
hancement of the planar modes and the absence of the CO stretching mode
along with an assumed non shift in the ring breathing band suggest that the
molecule is standing perpendicular to the mineral surface, possibly interacting
with it through hydrogen bonding of the OH group to the surface carbonyl of the
carbonate mineral (Figure 6.20).
The SER spectrum of the calcite-cholesterol complex allowed observation of
three bands centred at 1655, 1698 and 1759 cm−1 (Figure 6.21, red trace), in
the bare Raman spectrum of solid cholesterol, the ν(OH) peak is observed at
1667 cm−1 (Figure 6.21), this has likely split into the two bands (1655 and 1698
cm−1) due to contributions from both a deprotonated sterol which is bonded to
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Figure 6.20: Molecular structure of naphthol and its possible mechanisms of interaction
with a calcite surface
the silver nanoparticle C=O...HOC and a sterol which bonds through OH...OC.
The band at 1759 cm−1 relates to ν(CO) of the dolomite mineral.
In contrast the SER spectra of the dolomite-stigmasterol complex showed no
bands in the 1600 - 1700 cm−1 region, however it showed three bands at 2847,
2877 and 2925 cm−1 (Figure 6.22) all of which match CH bands attributable to
the methyl in the bare Raman spectra of the solid stigmasterol. This contrast
provides an interesting discussion point as the enhanced bands are assignable
to groups at opposite ends of the molecules, and with the distance dependence
of SERS this could indicate that alternate ends of the molecules are interacting
with the SERS surface and therefore with the mineral surface.
Possibilities in the case of cholesterol are that the molecule interacts with
the mineral surface through the methyl group leaving the hydroxy end of the
molecule to interact with the Ag surface. The extra peak at either 1655 or
1698 cm−1 suggests that the hydroxyl group may have become deprotonated
143
6.3 Development of a Raman Spectroscopic Method to Detect Surface
Immobilised Organic Species
 
Raman Shift (cm-1)
1,500 1,600 1,700 1,800 1,900 2,000
2
3
Figure 6.21: 1500 – 2000 cm−1 Region of SER spectrum of stigmasterol immobilised on
dolomite (red trace) and Raman spectrum of solid stigmasterol (black trace)
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Figure 6.22: SERS spectrum of stigmasterol immobilised on dolomite. Inset - results of
peak fitting of 2700 - 3100 cm−1 (black crosses - original data, red trace - fitted spectrum,
blue traces - fitted peaks)
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in some cases and as such the interaction with the Ag is through both CO...Ag
and OH...Ag. Whereas opposite to that scenario, is the stigmasterol molecule
where the absence of the hydroxyl peaks and inclusion of CH peaks suggests
the molecule is interacting with the mineral surface through its hydroxyl group
and the CH3 group is situated close to the Ag surface.
(a) Molecular structure of cholesterol and
its possible mechanisms of interaction with
a carbonate surface
(b) Molecular structure of stigmasterol and
its possible mechanisms of interaction with
a carbonate surface
Figure 6.23: Possible mechanisms of interaction with a carbonate surface of cholesterol
and stigmasterol
Unlike the other biomolecules studied, the porphyrin species were weakly
detectable in some of the mineral complexes before addition of the SERS reagent,
this is due to another phenomenon in Raman spectroscopy called resonance
Raman spectroscopy, this only occurs when the wavelength of the excitation
laser is of a similar wavelength to an absorption maxiumum of the molecule. In
order to exploit this mechanism the 514 nm excitation wavelength was used with
the porphyrin materials (Figure 6.13).
The resonance effect alone is enough to enable weak visibility of the por-
phyrin bands (Figure 6.24 - red traces), however after addition of the SERS
reagent the porphyrin peaks become much more intense (Figure 6.24 - black
145
6.4 Conclusions
traces). The large amount of convoluted and broad bands in the spectra make
evaluation of shifts impossible to carry out with confidence. However, it can be
drawn that in combination the two enhancement effects (SERS and RRS) allow
for a large enhancement which counteract the effects of florescence in both the
porphyrin and the inorganic on which it is immopbilised.
6.4 Conclusions
The aim of the work in this section was to develop a series of materials which
consisted of organic species immobilised on mineral materials. Following this a
molecular specific method of detection of these species was developed. Both
these objectives were met and additionally the SERS method allowed for evalu-
ation of the chemistry at the organic–inorganic interface of the materials.
In the development of the materials, it was found that the organic materi-
als, in the concentrations used, did not show a persistent affinity for the iron
oxyhydroxide minerals, whereas all but two of the organic species adsorbed to
the surface of at least one of the carbonate minerals. This is most likely re-
lated to the surface groups of the two minerals. The iron oxyhydroxide surfaces
exhibit mostly surface hydroxyls, which act as hydrogen bond donors whereas
the carbonate surfaces exhibit mostly surface carbonyl’s which act as the op-
posite hydrogen bond acceptors. Most of the organic species have prominent
hydrogen bond donating groups such as (-OH, -NH3 or even -CH3),
287,288 there-
fore these will interact more readily and strongly with the bulk hydrogen bond
accepting surface. This is a useful finding and may allow for improved target
selection for future robotic exploratory missions.
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Figure 6.24: Raman (red) and SERS (black) spectra of porphyrin - mineral Complexes
147
6.4 Conclusions
The method development has shown that the small amounts (<1.5 %) of
organic material can be detected by SERS by the simple addition of a silver
colloid to the sample. This method requires no specialist equipment and no
modifications to the spectrometer. This makes it an ideal method to be used
in an automated environment. The signal enhancement caused by the SERS
method affords enough information to make molecular specific identifications of
adsorbed molecules. In addition to this, the sample preparation method allows
minimal disturbance of the environment which allows chemical information from
the organic–inorganic interface to be deduced. This becomes important as it
allows the bonding environment to be proposed. It is expected that the organic
species which display hydrogen bond donating groups will utilise this interaction
with the mineral face, this is confirmed by deduction of the orientation of the
molecule by evaluation of band shifts in the Raman spectrum. This also allows
an explanation of the TGA data, which shows that the organic species often
decompose slowly on the surface, rather than simply volatilise. It is these latter
pieces of information which prove the advantage of the developed method over
the use of traditional methods of detecting trace amounts of organic materials
in bulk inorganic environments, that includes the use of LC-MS, GC-MS and
LIBS which rely on removing the organic portion of the sample and as such
destroying any information about the environment by which it is adsorbed. Of
course the challenges of using this method remotely on another planet need
to be addressed, these include: the philosophical implication of contaminating
other planets with chemicals; the engineering challenge of using a liquid in the
near vacuum of space (or reduced pressure of the Martian surface) and the
identification of target areas.
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Chapter 7
Evaluation of Detectability and
Surface Chemistry of Nucleobases
in Inorganic Matrices. Insights from
SERS Studies and Multicomponent
Organic–Organic Assemblies
7.1 Introduction
The previous chapter focused on the development of a Raman spectroscopic
methodology capable of detection and identification of small amounts of or-
ganic molecules immobilised on a mineral surface. The following chapter ap-
plies the same methodology to a range of nucleobases also immobilised on
mineral surfaces, and additionally intercalated in the inter-layer space of mont-
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morillonite clay. Nucleobases were chosen for this chapter as, not only are they
ideal biomarker molecules as they are omnipresent in all forms of life, but they
also provide an extensive opportunity to study non-covalent bonding interac-
tions such as: (i) hydrogen bonding and (ii) pi bonding. Evaluation of the surface
chemistry of the nucleobases was carried out using the same SERS method-
ology and evaluation of band shifts. Additionally the exploitation of self assem-
bled materials using the same bonding motifs are probed with Raman spec-
troscopy, to allow evaluation of peak movements related to structural changes.
Montmorillonite clays have been selected for use in this study, the main rea-
son being that the presence of extensive clay beds on the Martian surface is
well reported,289,290 additionally it has been shown that clays are able to pro-
vide protection for DNA from radiative damage. Samples which are prepared for
evaluation are based on two concepts: (i) inorganic/organic interfaces i.e. sur-
face immobilised and intercalated samples, and (ii) organic/organic assemblies
based on hydrogen bonded motifs which hold relevance as analogies to surface
bonding mechanisms and also are related to DNA/RNA duplexes. The chapter
is split into four main discussions, the first is based on the validation of the mont-
morillonite material, secondly the detectability of the nucleobases is evaluated
followed by an evaluation of the surface chemistry and finally discussion of the
multicomponent complexes. These discussions arise from the strategy of study
which is outlined below;
Preparation of Inorganic Materials. Preparation of calcite, goethite, aka-
gane´ite and iron intercalated montmorillonite
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Immobilisation/Intercalation of Nucleobases. Exposure of the prepared in-
organic phases to solutions of nucleobases to facilitate surface adsorption and
intercalation from solution
Characterisation of Nucleobase Content. Using analytical methodology de-
veloped in the previous chapter (Section 6.2.1.4), confirmation of the nucle-
obase content will be carried out
Evaluation of the Effectiveness of the SERS methodology. The SERS method-
ology developed in the previous chapter (section 6.3.1) will be applied to the
nucleobase–mineral assemblies
Evaluation of Surface Chemistry of Nucleobases from SER spectra. SER
spectra will be evaluated for band shifts which are indicative of molecular orien-
tations and interactions
Construction of Supramolecular Assemblies. Supramolecular assemblies
will be created by exploiting hydrogen bonding motifs and the effect of these
interactions on Raman the spectra will be evaluated
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7.2 Results and Discussion
7.2.1 Preparation and Characterisation of Nucleobase – Min-
eral Samples
7.2.1.1 Validation of Montmorillonite
Calcite, goethite and akagane´ite were prepared by the same methods described
and validated in the previous chapter (section 6.2.1), additionally montmoril-
lonite was used to prepare samples with intercalate nucleobases. Natural mont-
morillonite was purchased (Swy-2, CMS). A study by Erumt et al. indicates that
the major intercalated cation in clays purchased from the CMS is sodium.291 In
order to ensure that the prepared materials were as close as possible to those
which could be found on the Martian surface, the montmorillonite was treated to
exchange the sodium to iron as evidence shows this is likely the major form of
montmorillonite on the Martian surface.290,4,292
After treatment with a solution of iron chloride a significant shift in the low
angle PXRD peak is observed (Figure 7.1). This is assigned to the reflection
from the 001 set of planes. A shift in this peak is consistent with the expansion
or contraction of the layer perpendicular to the c-axis. This is widely associated
with a change of the intercalated species.293,294,295,296 The observed 2Θ value
corresponds to a basal spacing of ca. 15 A˚ which is consistent with the presence
of Fe3+ cations.297
The infrared spectrum is closely similar to that reported by Bukka et al298 and
Bishop et al .299 Key differences are in the ν(Si-O) bands, variations are likely
due to a combination of: the broad nature of the band, instrumental differences
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Figure 7.1: Powder X–ray pattern of montmorillonite. Miller indices (hkl) displayed above
peaks. Inset: comparison of basal spacing of the purchased (red) and iron exchanged
(black) montmorillonites
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and differences in ambient environment (humidity, temperature etc). Despite
the differences, the spectrum bands are consistent with montmorillonite, and
coupled with the PXRD showing the correct basal spacing it can be concluded
that the majority of the sodium cations have been displaced by iron cations.
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Figure 7.2: Infrared spectrum of montmorillonite
7.2.1.2 Preparation and Characterisation of Samples
Nucleobases were immobilised onto the surface of mineral materials and inter-
calated into montmorillonite from weak solution. Further details are given in the
experimental section (section 4.6.1 and 4.6.2). Evaluation of these materials
was carried out using the same procedure that was followed in the previous
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Table 7.1: Infrared band assignments of montmorillonite298,299
Infrared
ν cm−1 ν cm−1 ν cm−1
Bukka1992298 Bishop 2004299 Fig 7.2
3634 3400-3700 3623 ν1 (H2O, Bound)
1695 H-O-H Deformation
1635 1630 1636 ν2 (H2O)
1115 1110 1128 νin−plane (Si-O)
1040 1015 ν (Si-O-Si )
918 906 δOH (Al2-OH)
888 885 884 δOH (AlFe-OH)
778 785
Si-O Deformation
728
chapter, this involves carrying out PXRD to ensure the mineralogy of the sam-
ples remained intact after exposure to organic solution, TGA to confirm and
quantify the presence of the organic adsorbate/intercalate. PXRD of the sam-
ples where nucleobases were immobilised on carbonate minerals (calcite and
dolomite) showed no differences in the mineralogy of the sample. However
PXRD of the intercalated samples showed some differences in the low angle
peaks (Figure 7.3 and Table 7.2). As discussed earlier, this peak is assigned
to the reflection from the 001 set of planes and a shift is indicative of expan-
sion or contraction of the layers perpendicular to the c-axis, commonly known
as the interlamellar space. In this case a shift of this environment indicates that
the intercalated cation (iron) has been partially or completely replaced by the
nucleobase molecule.
Table 7.2: 2 Theta values and d-spacings for various intercalated species
Intercalated Species 2 Theta (◦) d-spacing (A˚)
Thymine 7.00 12.6
Cytosine 7.06 12.5
Uracil 6.90 12.9
Fe3+ 5.56 15.8
TGA analysis was able to show a mass loss above that of the mineral profile,
this was assigned to the mass of organic present in the sample. These are
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Figure 7.3: Position of the peak due to reflection of the 001 set of planes for various
intercalated species
summarised in table 7.3. For the immobilised nucleobases, at least one obvious
weight loss step not related to the mineral is observed, for the samples where
there is a lower and a higher weight loss step it is assigned to loosely and
strongly bound adsorbed molecules.259
Table 7.3: Mass loss from surface immobilised nucleobase samples
Mineral Organic Species Onset
of Loss
(◦C)
Mass
Loss
(%)
Onset
of Loss
(◦C)
Mass
Loss
(%)
Total %
Loss
Sample
Mass
(mg)
Total
Mass
Loss
(mg)
Calcite Adenine 173 0.39 414 0.67 1.1 1.286 0.014
Calcite Thymine 150 0.61 0.6 1.046 0.006
Calcite Cytosine 190 0.34 322 0.47 0.8 0.961 0.008
Calcite Uracil 170 0.68 0.7 1.390 0.009
Dolomite Adenine 196 1.23 417 3.5 4.7 0.880 0.042
Dolomite Thymine 182 2.3 346 2.5 4.8 1.125 0.054
Dolomite Cytosine 200 0.73 326 0.6 1.3 1.305 0.017
Dolomite Uracil 270 1.05 406 2.9 4.0 1.193 0.047
The montmorillonite samples showed a much smoother weight loss with no
obvious steps, in this case the amount of organic was calculated from the differ-
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ence between the base material and the intercalated material in the temperature
range 160 ◦C – 500 ◦C (table 7.3), this was chosen as it is above the temper-
ature at which surface absorbed water will become desorbed (in line with the
baseline studies by the clay mineral society300). The mass loss of the clay itself
was observed to be 2.8 % which is close to the value from the CMS study300 of
3.2 %.
Table 7.4: Mass loss from nucleobase intercalated montmorillonite
Mineral Organic Species Mass Loss
in Range
(%)
Mass Loss
of Starting
Mineral (%)
Mass Loss
due to
Organic
Species
(%)
Sample
Mass (mg)
Organic
Mass (mg)
Montmorillonite Thymine 7.0 2.8 4.2 0.660 0.027
Montmorillonite Cytosine 7.6 2.8 4.8 0.610 0.028
Montmorillonite Uracil 3.9 2.8 1.1 1.210 0.012
The samples were observed to contain no more than ca. 5 % w/w of the
nucleobases, unlike the samples in the previous chapter, PXRD was able to
identify that the montmorillonite samples were different from the starting mate-
rial, and in a similar manor the TGA was able to confirm the presence of an
additional organic component. However these two methods are unable to give
any information about the chemical structure of the adsorbate nor can they eval-
uate any interactions at the organic – inorganic interface. The SERS method
developed in the previous chapter was applied to the nucleobase – inorganic
samples. Results are given and discussed in the following sections.
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7.2.2 Raman Evaluation of Materials
7.2.2.1 Surface Immobilised Nucleobases
In order to evaluate the effectiveness of the detection methodology, the surface
immobilised nucleobase samples were evaluated with dispersive and surface
enhanced Raman spectroscopy, the resultant spectra were analysed for the I
σ
values of peaks considered diagnostic for the nucleobase molecules. These
peak positions and assignments are shown in figure 7.5.
Table 7.5: Diagnostic Raman bands of nucleobases
Marker Assignment Band (cm−1) Reference
Adenine Ring Breathing 735 Shanmugasundaram et al301
ν(C-N) 1333
ν(C=N) 1419
Thymine Ring Breathing 733
ν(C=O) 1711
1767
Cytosine Ring Breathing 787
ν(C=O) 1641
Uracil Ring Breathing 790
ν(C=O) 1670
1720
In order to evaluate detection, the Raman response at the wavenumber of
the diagnosic bands was calculated in I
σ
these values are given in table 7.6.
Evaluation of the results showed that each nucleobase was detectable in both
carbonate samples (figure 7.4) but not in any of the iron oxide samples, this is
consistant with TGA analysis. When compared with the results from the previ-
ous chapter it is observed that detection is more effective in the nucleobase –
carbonate samples (i.e. detection in all samples and higher I
σ
values), than what
was observed with other evaluated organic species. A likely explanation for this
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Figure 7.4: BRS (red) and SERS (black) of nucleobases adsorobed to dolomite. Intensities
have been normalised for dlarity. (Top left: adenine, top right: thymine, bottom left: cytosine,
bottom right: uracil)
arises from the involvement of both electomagnetic and chemical enhancement
mechanisms, this is possible as the nucleobases do not utilise all possible non-
convalent bonding sites when adsorbing to the surface. A detailed discussion of
the surface chemistry is given in subsequent sections.
Evaluation of the SER spectra relating to DNA nucleobase molecules ad-
sorbed on mineral faces provide insight into the way in which the molecules are
orientated on the surface, this in turn allows evaluation of the ways in which
the molecules interact with that surface. Taking the case of adenine, a study
by Papadopolou et al302 proposed that the calculated ring breathing band for
the SER spectrum of adenine-Ag shifted depending on how the silver nanopar-
ticle was interacting with the adenine molecule (Figure 7.5), the silver is able to
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Table 7.6: Diagnostic bands and their visibility in bare Raman spectra and SERS measure-
ments
Calcite Dolomite Akaganeite Goethite
Marker Assignment Band
(cm-1)
BRS SERS BRS SERS BRS SERS BRS SERS
Adenine Ring Breathing 735 0.98 19.93 0.59 54.08 0.90 0.96 0.86 0.93
ν(C-N) 1328 0.68 5.47 0.51 18.23 0.50 0.86 0.83 0.91
ν(C=N) 1419 0.80 1.84 0.56 6.04 0.67 0.40 0.71 0.65
Thymine Ring Breathing 733 0.30 5.90 0.58 5.39 0.97 0.95 0.90 0.91
δ(N-H) 1330 0.58 3.71 0.98 4.90 0.83 1.03 0.85 0.87
ν(C=O) 1710 0.82 3.48 0.48 0.50 1.00 0.80 0.78 0.67
Cytosine Ring Breathing 787 0.93 34.50 0.95 40.78 0.94 0.97 0.86 0.87
ν(C=O) 1641 0.72 12.07 0.85 29.77 0.81 0.75 0.96 0.64
Uracil Ring Breathing 790 0.38 3.08 0.94 5.40 0.24 0.79 0.64 1.04
ν(C=O) 1670 0.65 2.13 0.80 5.10 0.70 0.71 0.90 0.96
1720 0.93 1.18 0.62 3.30 0.86 0.47 1.04 0.52
BRS: Bare Raman Spectrum, SERS: Surface Enhanced Raman Spectrum
ν: Stretching, δ: Bending, asym: Asymmetrical
co-ordinate via any of the basic endocyclic nitrogen positions as well as the ex-
ocyclic amine group creating highly scattering silver-adenine complexes. SERS
enhancement in this case will proceed through both an electromagnetic and
chemical enhancement mechanism, accounting for the observed enhancement
being greater than what was observed in the previous chapter with alternative
organic species.
The observed ring breathing bands in the SER spectra of adenine complexes
appeared at ca. 735 cm−1 (Figure 7.7) and as such it can be postulated that the
silver nanoparticle is interacting with the adenine in the way shown in figure 7.5-
3. Papadopolou et al concluded that the most likely complex to contribute to
the SER spectra of adenine in solution was that shown in figure 7.5-1, the ring
breathing bands in the adenine-mineral complexes however are consistent with
figure 7.5-3, this suggests that the N7 and N10 positions are blocked, most likely
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Figure 7.5: Four possible adenine-Ag complexes and their calculated ring breathing band
position302
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through hydrogen bonding with the mineral surface (Figure 7.8). The N7 and
N10 positions are involved in the complimentary base-pair hydrogen bonding
seen in DNA and RNA (Figure 7.6), as such the involvement of these positions
in the surface interaction, provides a potentially interesting point in prebiotic
chemistry whereby when absorbed to mineral faces in this orientation the N7
and N10 positions are naturally protected, this is important as all synthetic routes
to adenosine and deoxyadenosine require the chemical blocking of at least the
exocyclic amine group.303,304,305,306
Figure 7.6: Complimentary pairing of nucleobases in Watson-Crick structure of DNA and
RNA29
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Figure 7.7: Left: ring breathing band in the spectrum of adenine (black trace) and sur-
face immobilised adenine (red trace). Right: ν(C-N) and ν(C=N) band in the spectrum of
adenine (black trace) and surface immobilised adenine (red trace)
In addition to the position of the ring breathing band, broadening of the peaks
(Figure 7.7) due to ν(CN) centered at ca. 1330 and 1460 cm−1 (also a shift
from the band at 1480 cm−1 in the BRS) indicates contributions from the C-N
and C=N stretching modes in an increased number of bonding environments
possibly CN...Ag+, CN...H and CNH...O intramolecular bonding.
Figure 7.8: Possible orientations of adenine adsorbed to mineral faces
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Evaluation of the spectra of cytosine–carbonate complexes is able to give
similar information as that found in the adenine–carbonate samples. The ring
breathing band does not show a significant shift from that of the bare Raman
spectrum, and so it remains at ca 790 cm−1 (Figure 7.9). Despite this, informa-
tion about where the molecule is orientated with respect to the silver surface has
been found to be related to the relative intensities of bands centred around 1310
cm−1 and 1640 cm−1307(Figure 7.9). Liu et al307 suggested that if the molecule
is orientated with N3 close to the metal surface (Figure 7.10 B-1) and the band
centred at 1310 cm−1 is much more intense than that at 1640 cm−1, where as
when N1 is close to the metal surface (Figure 7.10 B-2) the intensity of the 1310
cm−1 band shrinks coupled by an increase in intensity at 1640 cm−1. In the
observed spectrum (Figure 7.9) the two bands show approximately equal inten-
sity, which indicated that N1 is close to the metal surface, this orientation as in
the case of adenine allows the molecule to hydrogen bond to mineral surfaces,
using the same positions found in complimentary base pairing. Additionally as
observed with adenine, the silver is expected to directly co-ordinate to the cyto-
sine molecule effecting the chemical enhancement mechanism of SERS to take
place.
This is also in agreement with a computational study by Cho and Joo.308
This considered a number of tautomeric cytosine–silver complexes and found
that the most energetically stable form was that where N1 and O7 are interacting
with the metal surface would be the most stable. Additionally this study showed
observed and predicted Raman band positions for these complexes which are
consistent with those observed in this work.
Evidence for the presence of hydrogen bonding is seen in the shift and
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Figure 7.9: Left: ring breathing band in the spectrum of cytosine (black trace) and surface
immobilised cytosine (red trace). Right: I/σ values of bands centered at 1320 and 1640
cm−1
broadening of the δ(N-H) band which is observed at 1275 cm−1 in the bare Ra-
man spectrum and at 1306 cm−1 in the SER spectrum, this band is not present
in the spectrum of the silver–cytosine complex reported by Cho and Joo308 and
as such it is assumed it arises from interaction with the carbonate surface. De-
convolution of this broad band shows major contributions from two separate
peaks centred at 1282 and 1300 cm−1. This is attributable to the increased
number of N-H bonding environments in the immobilised molecule.
The two remaining pyrimidine nucleobases thymine (Figure 7.12, A) and
uracil (Figure 7.14, A) were also detectable in the nucleobase–carbonate sam-
ples. SER spectra of these compounds were analysed and evaluated in the
same manner as for adenine and cytosine samples and the same information
was extracted. Initial evaluation of the spectra of thymine-carbonate complexes
centres around the intense ring breathing band. The bare Raman spectrum of
thymine shows two bands assignable to ring breathing, these are centred at
738 and 745 cm−1. Despite previous SERS309,310,62,311,312,313 studies having
observed a sizeable blue shift and an amalgamation of these bands into one
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Figure 7.10: Cytosine and its possible orientations of interaction with a silver nanoparticle
and to mineral faces
band at ca. 790 cm −1, attributed to an interaction of the ring with the metal
surface/particle, this shift was not observed in SER spectra recorded from the
thymine–carbonate samples and the band remains at ca. 735 cm−1. Similarly
a shift in the ring breathing band was seen in the SER spectrum of the struc-
turally similar cytosine-mineral complex (or uracil-mineral complex, vide infra).
This apparent absence of shift suggests a different interaction of the thymine
molecule with the metal (Figure 7.12, B) than that which has been previously
described.309,310,62,311,312,313 As in the previous adenine and cytosine-carbonate
complexes one assumes that interaction with the mineral surface is limiting the
166
7.2 Results and Discussion
 
Raman Shift (cm-1)
1,200 1,220 1,240 1,260 1,280 1,300 1,320 1,340
2
3
 
Raman Shift (cm-1)
1,200 1,250 1,300 1,350
Figure 7.11: Left: 1200 – 1350 cm−1 region of spectra of cytosine (black trace) and sur-
face immobilised cytosine (red trace). Right: same region after peak fitting (black crosses:
original data, red trace: fitted trace, blue traces: fitted peaks)
positions at which the metal can interact (Figure 7.12, C), the likely interaction
is between the N3 deprotonated tautomer where O8 interacts with a protonated
CO3
2− (HCO–3) site on the calcite/dolomite surface,
314 this agrees with the eval-
uation of pKa values of the N1H and N3H sites which are 14.04 and 10.02 re-
spectively (Calculated315).
Importantly the ν(C=O) band is split and shows a significant red shift (∆ν¯ ca.
100 cm−1), this infers that the carbonyl moeities of the molecule are involved in
interactions (i.e with the carbonate surface (C=O..H, C=O..M) and with the silver
colloid (C=O..Ag). Additionally a perpendicular orientation with respect to the
metal surface is indicated by the presence of the ring CH peaks visible at >2900
cm−1.316,317
The uracil–carbonate complexes exhibited a strong response to the SERS
methodology. As in the other pyrimidine base–carbonate samples the ring breath-
ing band showed no significant shift in the SER spectrum and remained at ca.
795 cm−1. This is indicative (as in the case of cytosine and thymine) that the
ring is not significantly interacting with the silver surface, which in turn suggests
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Figure 7.12: Thymine and its possible orientations of interaction with a silver nanoparticle
and the calcite surface
a vertical geometry with respect to the silver surface (Figure 7.14-B). This ob-
servation is strengthened by the observation of the ring CH bands at higher than
2900 cm−1316,317 (Figure 7.15).
A red shift (∆ν¯ 30 cm−1) and split of the ν(C=O) band (ca. 1650 cm−1 in
the bare Raman, Figure 7.16) indicates (in a similar manner to the same bands
in thymine–carbonate samples), that the carbonyl functionalities are interacting
with various surfaces (i.e with the carbonate surface (C=O..H, C=O..M) and with
the silver colloid (C=O..Ag)). Importantly the bands centred at ca. 1310 cm−1
aand 1640 cm−1 are of almost equal intensity indicating that the N1 is close
to the metal surface.307 This is in agreement with observations that the nucle-
obases utilise the same sites as in the Watson-Crick base pairing to adsorb to
the carbonate surface (Figure 7.14).
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Figure 7.13: ν(C=O) Stretching peaks in the BRS (black) and SERS (red) of the thymine-
calcite complex
Figure 7.14: Uracil and its possible orientations of interaction with a silver nanoparticle and
the calcite surface
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Figure 7.15: Left: 2800 – 3200 cm−1 Region of spectra of uracil (black trace) and surface
immobilised uracil (red trace). Right: same region after peak fitting (black crosses: original
data, red trace: fitted trace, blue traces: fitted peaks)
This method which was developed in the previous chapter has proved ef-
fective at not only detecting but also providing an in-situ tool for evaluation of
the inorganic–organic solid/solid interface of nucleobases immobilised on the
surface of carbonate minerals. This novel method of deposition of the SERS
substrate directly onto the surface has been able to provide extended struc-
tural information of the surface chemistry of these samples. In the case of
these nucleobase–carbonate complexes both the electromagnetic and chemi-
cal method of SERS enhancement are exploited to allow maximum enhance-
ment of the signal, and give the best chance for detection. This provides and
interesting point to be taken into consideration when selecting targets which are
best evaluated by this method, a set of criteria can be proposed based on the
observations of the work in this and the previous chapter;
1. The molecule should have more than one ’set’ of atoms which are avail-
iable for non-covalent interactions, preferably on opposite sides of the
molecules. This ensures that the silver colloid has the oppertunity to co-
ordinate directly to the molecule to enable exploitation of SERS mecha-
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Figure 7.16: ν(CO) Bands in the spectra of uracil (black trace) and surface immobilised
uracil (red trace)
nisms of enhancement.
2. The molecule should if possible have an absorption band close to the
excitation wavelength to be used, this allows additional enhancement by
the resonance Raman effect.
3. The molecule should have a series of bands which can be considered
diagnostic and which are suitabley different to bands expected from the
mineral background.
The evaluated organic species which display at least two of the above criteria
(nucleobases: 1 and 3, porphyrins: 2 and 3) proved easy to detect and identify
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by the developed SERS methodology. The results from evaluating the surface
chemistry of the nucleobases has shown that the molecules orientate in such a
manner that there is a possibility to exploit supramolecular interactions to further
investigate the effect that non-covalent bonding has on the Raman spectrum of
the molecules.
7.2.2.2 Nucleobases Intercalated in Montmorillonite
In the samples described above the nucleobases were immobilised on the sur-
face of the mineral phase, when the same preparation methodology used for
immobilisation is applied to nucleobases and clay (specifically montmorillonite)
it is assumed that the nucleobase becomes intercalated and not surface immo-
bilised. TGA analysis (shown earlier, section 7.2.1.2) showed that the samples
contained ca. 1 – 5 % w/w of organic material. This is well within the range that
the SERS methodology used throughout this work has proved effective. How-
ever, when the silver colloid was added to the surface of the montmorillonite, the
Raman spectrum showed no bands attributable to the organic, all the spectra
displayed an overwhelming fluorescence response (an example in figure 7.17).
This observation is in agreement with the fact that the nucleobases are interca-
lated into the inner layered structure of the montmorillonite.
Consequently, the base needed to be removed from the montmorillonite be-
fore it could be detected, this was achieved by mixing a small amount (<1 mg)
of the material and 1 mL of silver colloid solution was added. This resulted in an
immediate colour change (Figure 7.18), the samples were then sonicated for 5
mins to ensure the whole solid was exposed to the nanoparticles, the sonication
was found to have no effect on the resultant Raman signal however the process
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Figure 7.17: BRS (red trace) and SERS (black trace) of the surface of uracil intercalated
montmorillonite
was repeated for consistency. The colour change in the solution is likely due to
a Ag+–pi interaction, a similar mechansim has been exploited by Cao et al318 for
the development of colour based spot testing for DNA detection.
Figure 7.18: Fe-MMT intercalates after sonicating in 1 mL of Ag-nps solution. Top left:
cytosine, top right: uracil and bottom: thymine
Following the extraction process, Raman spectroscopy of the resultant su-
pernatant solutions allowed observation of bands related to the intercalated or-
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Figure 7.19: SER spectra of nucleobases extracted from montmorillonite (red traces, top)
and corresponding spectra of the solids (black traces, bottom). Top right - cytosine, top left
- uracil and bottom - thymine
ganic molecule (Figure 7.19).
The spectra of the supernatant solutions showed bands consistent with liter-
ature bands relating to the nucleobase co-ordinated to a silver surface.309,310,62,311,312,313
As the nucleobase was extracted from the clay there is no data in the spectrum
related to the organic–montmorillonite interface, however the nucleobases can
be identified from their diagnostic bands (shown earlier, table 7.6) The I
σ
val-
ues for these peaks in the bare Raman spectrum, the deposited colloid SER
spectrum and the extracted SER spectrum are shown in table 7.7. As would
be expected the amount of enhancement follows the TGA analysis such as that
uracil was the least enhanced and TGA showed that is was the lowest w/w
% concentration, cytosine was the most enhanced with TGA showing that this
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was the most concentrated w/w %. Approximate w/v concentrations for the su-
pernatent solutions are as follows (assuming the nucleobases were completely
desorbed); uracil - 0.0061 mg/ml (0.55 mg of sample), thymine - 0.0227 mg/ml
(0.54 mg of sample) and cytosine - 0.0268 mg/ml (0.57 mg of sample).
Table 7.7: Iσ values of nucleobase diagnostic peaks from nucleobase–montmorilonite sam-
ples
Marker Assignment Band (cm-1) BRS Surface SERS Extracted SERS
Thymine Ring Breathing 733 0.60 0.52 3.47
δ(N-H) 1330 0.90 1.07 2.58
ν(C=O) 1710 0.60 0.76 1.38
Cytosine Ring Breathing 787 0.50 0.78 38.31
ν(C=O) 1641 0.40 0.22 30.23
Uracil Ring Breathing 790 0.80 0.56 1.92
ν(C=O) 1670 0.75 0.99 1.63
1720 0.68 1.00 0.62
7.3 Organic Co-crystal Studies
Spectral evidence has shown that the evaluated nucleobase molecules (ade-
nine, cytosine, thymine and uracil) interact with carbonate surfaces through the
same interactions observed in Watson – Crick base pairing. Additionally, spec-
tral evaluation suggests that the molecules adopt an upright orientation, perpen-
dicular to the surface of the mineral. This orientation leaves the opposite side
of the molecule free to engage in alternative interactions. In the structure of
nucleoside and nucleotide segments of DNA, the deoxyribose sugar is bonded
to this “backside” of the molecule. A series of experiments were devised to
utilise the intermolecular bonding possibilities between this side of the nucle-
obase molecule and citric acid (Figure 7.20). Citric acid is used as an analogy
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Figure 7.20: Molecular structure of citric acid
to larger macromolecular structures (such as the phosphate-deoxyribose back-
bone of DNA).
The citric acid molecule contains three carboxylic acid groups, these groups
are able to form homomeric trimers with the R22(8) motif
319 (Figure 7.21). How-
ever carboxylic acid groups are also able to interact with other hydrogen bond
acceptors such as N-heterocyclic groups and amides.320 As such combining two
molecules, one with each of these groups i.e. citric acid (carboxylic acid) and
a nucleobase (pyridine N), then a multicomponent complex is expected. This
is shown to occur in 98 % of cases where only those two functional groups are
present.321
In this case, it is hoped that the carboxylic acid group with the lowest Pka
will bond with the endocyclic amide N (two possibilities shown in figure 7.22 as
A and B.) of the nucleobase to result in a chain of citric acid molecules bound
by the R22(8) motif and a nucleobase bound by a C(4) motif (Figure 7.22).
A synthetic study to determine if these synthons are exploitable in the man-
ner suggested in figure 7.22 is described in this section.
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Figure 7.21: R22(8) Motif in the citric acid trimer and C(4) motif in N-heterocyclic – carboxylic
interaction
7.3.1 Synthetic Strategy
Two synthetic strategies were developed to evaluate interactions in this system:
(i) a thermal synthesis from which phase diagrams and thus determination of
co-crystal formation can be determined, (ii) a solution phase synthesis system
allowing the investigation of concentration, pH and metal ion effects on the ob-
tained product.
The thermal strategy was a solid/liquid phase synthesis carried out on a
small scale using differential scanning colorimetry to heat and cool reactants.
Reactants were placed in hermetically sealed DSC pans in the stoichiometric
ratio n : n
′
where n is citric acid and n
′
is a nucleobase. n is between 0 and
1 in 0.2 increments. Samples were heated to a temperature above the melting
points of the components, cooled to room temp and then reheated to the same
temperature. This cycle allows the reactants to enter the liquid phase, interact
and either re-crystallise as the starting materials or crystallise as a new adduct.
A phase diagram can be constructed from the data of these experiments and
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Figure 7.22: Structure displaying synthons possible for exploitation in creation of multicom-
ponent complex between citric acid and cytosine
shows phase as a function of temperature and starting composition.
The solution phase system chosen to study was infact a ternary system con-
sisting of citric acid, cytosine and one of either; sodium hydroxide, potassium
hydroxide and ammonium hydroxide. The rationale here is that cytosine exhibits
an endocyclic nitrogen, and a varying amount of a base will allow a change in
pH and enable an evaluation of the effect a metal ion may have. Samples were
prepared in a stoicheometric manor according to n : n
′
: n
′′
where n is citric
acid, n
′
is cytosine and n
′′
is the base, and n is 0.5, 1, 2 or 3. Samples were
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prepared in the aqueous phase and were allowed to crystallise by a slow evapo-
ration method, the product from each sample was recovered by vacuum filtration
and characterised by PXRD and NMR. These two methods were chosen as the
primary methods of characterisation as both allow distinction between a recrys-
tallised starting material and a multicomponent assembly. After characterisation
each sample provided a ’point’ on a pseudo-ternary phase diagram which in
turn enables a general discussion of the effects of stochiometry on the obtained
phase of product.
7.3.2 Thermal Co-crystal Behaviour
DSC traces of all the compositions were evaluated and results plotted to create
a phase diagram for each system. From the shape of the phase diagram the
type of system can be determined, the three possibilities are; (i) eutectic, (ii) co-
crystal and (iii) solid solution (idealised examples can be found in figure 7.23).
Thermal evaluation of all the nucleobase – citric acid systems indicate that
they show co-crystal behaviour (Figures 7.24 – 7.28), this is consistent with
the evaluation of the available synthons in the two molecules as discussed ear-
lier. Interestingly the co-crystal region of the phase diagram appears at differing
starting compositions for the structurally similar bases, i.e. adenine and gua-
nine, and cytosine/thymine and uracil. As DSC offers no structural information
about the interactions in the co-crystal it is not possible to know why the com-
positions had such an effect. The conclusion that can be drawn is that there is
precedence for co-crystal interactions between nucleobase molecules and citric
acid.
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Figure 7.23: Idealised phase diagrams for various systems. Top left - a eutectic system,
top right - a co-crystal system and bottom - a solid solution system
7.3.3 Solution Co-crystal Behaviour
As described earlier in this section, a series of samples were prepared using
cytosine, citric acid and sodium/potassium/ammonium hydroxide. These sam-
ples were prepared in solution and allowed to crystallise by slow evaporation.
Products recovered via vacuum filtration were evaluated by PXRD. All the re-
covered materials showed three distinctive PXRD patterns. One was consistent
with peaks from solid cytosine, and one a mixture of solid cytosine and solid
citric acid. In these cases it is clear from PXRD analysis that there has been
crystallisation of each starting material separately (a representative plot is dis-
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Figure 7.24: Phase diagram of adenine – citric acid system
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Figure 7.25: phase diagram of guanine – citric acid system
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Figure 7.26: Phase diagram of thymine – citric acid system
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Figure 7.27: Phase diagram of cytosine – citric acid system
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Figure 7.28: Phase diagram of uracil – citric acid system
played in figure 7.29a), the third observed PXRD pattern displayed no peaks
attributable to either starting material (Figure 7.29b).
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(a) PXRD of solid cytosine and solid citric
acid mixture. Reference peaks of cytosine
and citric acid are shown as solid blue and
dashed red drop lines respectively
2 Theta (o)
15 20 25 30 35 40
3
2
2
(b) PXRD of co-crystal. Reference peaks
of cytosine and citric acid are shown as
solid blue and dashed red drop lines re-
spectively
Figure 7.29: Two seperate PXRD patterns obtained from n : n
′
: n′′ samples
NMR analysis of the sample which displayed the new PXRD pattern, how-
ever, showed it to contain both citric acid and cytosine molecules, displaying two
doublets (δ = 7.52 [d, J = 15.6 Hz, 2 H] and δ = 5.97 [d, J = 15.6 Hz, 2 H], Figure
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Figure 7.30: NMR spectra showing zoomed regions of peaks assigned to separate com-
ponents
7.30b) assignable to the aromatic methine protons of cytosine and also a dou-
blet of doublets assignable to the methylene protons of citric acid (δ = 2.7 [dd, J
= 42.4, 15.7 Hz, 4 H], Figure 7.30c), the spectrum also contains a strong peak
which is assigned to the solvent exchangeable protons (Figure 7.30a). Further
analysis of the NMR spectrum, shows that the peaks assignable to citric acid
and cytosine suggest a 1:2 ratio of the components in the mixture. A multicom-
ponent phase including cytosine and citric acid was subsequently identified as
{H3Cyt6 . H2Cit2 . H2O} by single crystal analysis (Section 7.3.4).
Each sample formed a single point on a pseudo-ternary phase diagram for
the system (Figure 7.31), from these diagrams a similar relationship for all three
systems is observed. The co-crystal is predominantly formed under similar con-
184
7.3 Organic Co-crystal Studies
0 10 20 30 40 50 60 70 80 90 100
0
10
20
30
40
50
60
70
80
90
100 0
10
20
30
40
50
60
70
80
90
100
Citric Acid (%)
Cy
tos
ine
 (%
)
Sodium Hydroxide (%
)
0 10 20 30 40 50 60 70 80 90 100
0
10
20
30
40
50
60
70
80
90
100 0
10
20
30
40
50
60
70
80
90
100
Citric Acid (%)
Cy
tos
ine
 (%
)
Potassium Hydroxide (%
)
0 10 20 30 40 50 60 70 80 90 100
0
10
20
30
40
50
60
70
80
90
100 0
10
20
30
40
50
60
70
80
90
100
Citric Acid (%)
Cy
tos
ine
 (%
)
Ammonium Hydroxide (%
)
Figure 7.31: Pseudo-ternary phase diagrams for citric acid – nucleobase – base systems,
circle points represent recrystallised starting components and crosses represent {H3Cyt6
. H2Cit2 . H2O}. Top left - NaOH system, top right - KOH system and bottom - NH4OH
system (colour reflects pH at the point, red - ca. 12, blue - ca. 11, yellow - ca 8 and green
ca. 5)
ditions i.e. at the lower of the possible pH’s observed for the systems. While it
is not possible to know the exact pH at the point where crystallisation occurred
as during evaporation of the solvent system the pH changes. pH control is
clearly vital to the acquisition of multicomponent complexes between these two
molecules, an obvious implication of this is that the motifs suggested in the strat-
egy do not operate at ambient pH of a stoichiometric mixture and the addition of
a base was of vital importance.
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7.3.4 Structural Determination of {H3Cyt6 . H2Cit2 . H2O}
The analysis established a complex multicomponent system with a Z
′
= 5 in
3:1:1 ratio of cytosine, citric acid and water respectively, in the asymmetric
unit (Figure 7.32). The system crystallised in the triclinic P 1¯ space group
with the unit cell dimensions a=8.0376(9), b=9.7061(9), c=15.2921(16) A˚, and
α=98.749(7), β=99.138(7) and γ=102.367(7) ◦. This structure has been previ-
ously reported,322 however it was reported in a pharmaceutical context and not
discussed in the context described here.
Table 7.8: Selected crystal and refinement data for citric acid - cytosine - hydrate
Empirical formula C18H25N9O11
Formula weight 543.47
Temperature 173(2) K
Wavelength 0.71073 A˚
Crystal system Triclinic
Space group P-1
a/A˚ 8.0376(9)
b/A˚ 9.7061(9)
c/A˚ 15.2921(16)
α/◦ 98.749(7)
β/◦ 99.138(7)
γ/◦ 102.367(7)
Volume/A˚3 1128.9(2)
Z 2
ρcalc/mg/m3 1.599
Absorption coefficient/mm−1 0.134
F(000) 568
Theta range for data collection 2.65 to 30.00◦
Index ranges -11≤h≤11, -13≤k≤13, -21≤l≤21
Reflections collected 40336
Independent reflections 6578 [R(int) = 0.0731]
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6578 / 0 / 404
Goodness-of-fit on F2 0.86
Final R indices [I<2σ(I)] R1 = 0.0499, wR2 = 0.1245
R indices (all data) R1 = 0.1215, wR2 = 0.1611
Largest diff. peak and hole/eA˚−3 0.392 and -0.330
The extended structure ca be viewed as two distinct structural units. A citrate
ribbon formed from centrosymmetric hydrogen bonded units which form from
one carboxylic acid “arm” (O21) and the hydroxy hydrogen (H11O) of a citrate
forming an R22(8) motif with a carboxylic acid “arm” of an adjacent citrate (H61O
186
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Figure 7.32: Asymmetric unit of {H3Cyt6 . H2Cit2 . H2O}, showing the numbering scheme
adopted
and O62 respectively). These dimers propagate laterally through a hydroxy hy-
drogen bond between the citrate carboxylic acid “arm” over an inversion centre
(Figure 7.33). The proton in this case was located (and refined) at the spe-
cial position. Layers of the ribbon structure interact through hydrogen bonding
with two water molecules per dimer pair (Figure 7.34), this hydrogen bonding
forms another ring motif, a R42(14), with interactions between H1W...O21 and
H2W...O11 (Figure 7.35)
Figure 7.33: Hydrogen bonding in the self recognising citric acid ribbon, showing the two
R22(8) ring motifs and the disordered CO...HO-/COH...
−O- hydrogen bond.
The second structural unit is a paired chain formed from the self recogni-
tion of cytosine molecules. The three cytosine molecules in the asymmetric
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Figure 7.34: Layers in the citric acid ribbon. Hydrogen bonding through two water
molecules per dimer pair
Figure 7.35: R42(14) motif between citric acid dimers and water molecules
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unit exhibit two distinct interactions (Figure 7.36). Two crystallographically inde-
pendent molecules {H2Cyt} and {HCyt} are linked through 3 hydrogen bonds.
Two between carbonyl oxygens (O3 and O2) and amine hydrogens (H23N and
H33N) and an interaction between pyrimidine N-H (N31) and pyrimidine N (N21)
mediated by a proton. The localisation of the proton of H31 indicates distinctly
different basicity of these sites in the crystal. The second pyrimidine N-H (N11)
and pyrimidine N (N11) motif occurs across an inversion centre and the crys-
tallographically related nitrogen sites. Three cytosine dimers propagate laterally
through R22(8) ring motifs formed from carbonyl oxygens (O1 and O2) and amine
hydrogens (H34N, H14N)
Figure 7.36: Self recognising molecular chain of cytosine molecules.
The chains of cytosine molecules are further stacked in layers, presumably
through face to face pi–pi interactions (Figure 7.37), these molecules are offset,
but inter-planar distances of ca. 3.4 A˚ are consistent with interactions between
pi systems.
These ribbon assemblies are linked through further hydrogen bond inter-
actions, these are between a carbonyl located on a carboxylic acid “arm” of a
citrate molecule (O42) and a pyrimidine NH (H22) of a cytosine molecule, and
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Figure 7.37: pi stacking arrangement in cytosine chains
also a H-bond interaction takes place through a hydroxy oxygen from a citrate
(O11) and a water hydrogen (H2W) and then an interaction from a pyrimidine
NH (H32) to a water oxygen (O1W) (Figure 7.38).this results in the ribbon as-
semblies running parallel to each other (Figure 7.39).
Therefore within this complex array there are two distinct cytosine protonated
species {H2Cyt+} and a neutral species {HCyt}. Charge balance derives from
one proton ’disordered’ between two citrate carboxylates.
7.3.5 Raman Spectroscopy of {H3Cyt6 . H2Cit2 . H2O}
The Raman spectrum of the multicomponent complex was recorded and band
positions compared to those of the crystalline starting materials. The extensive
hydrogen bonding and close contact interactions between the molecules would
be expected to cause significant shifts of the vibrational modes. This would be
most obvious in the modes relating to groups involved in the interactions i.e.
carboxylic and carbonyl, and exo/endo cyclic amine groups.
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Figure 7.38: Two hydrogen bonding interactions between cytosine – citric acid and water
Carboxylic and Carbonyl Related Modes The citric acid molecules in the
co-crystal form dimers through hydrogen bonding of two of their carboxylic acid
functionalities in an R22(8) motif, leaving one remaining carboxylic group per
molecule, which in turn interacts with an endocyclic amine group of cytosine
and an adjacent citric acid dimer. This extensive hydrogen bonding system
causes shifting of CO and OH bands in the spectrum. Three bands in the
co-crystal spectrum, centered at 1682, 1726 and 1747 cm−1 are assigned to
ν(C=O) modes, shifting from 1692 and 1735 cm−1 in the spectrum of citric acid
and 1692 cm−1 in the spectrum of cytosine (Figure 7.40a). Peaks between 282
and 431 cm−1 of the spectrum are likely due to a combination of δ(C=O/C-O)
modes and τ (OH) modes, it is difficult to assign the individual bands with confi-
dence due to the large amount of possible contributions and likely overlapping of
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Figure 7.39: Parallel chains of self recognised citric acid and cytosine
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(a) ν(CO) bands in Cytosine (red, dashed
trace), citric acid (blue, dotted trace) and
the multicomponent complex (black, solid
trace)
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(b) δ(CO) and τ (OH) bands in cytosine
(red, dashed trace), citric acid (blue, dot-
ted trace) and the multicomponent complex
(black, solid trace)
Figure 7.40: Overlapped spectra of carboxylic and carbonyl related bands
peaks from individual vibrational modes. In the individual spectrum of cytosine
δ(C=O) modes appear at 402 and 545 cm−1 while in citric acid they appear at
262 and 298 cm−1 while τ (OH) modes appear in citric acid at 349, 379 and 549
cm−1 (Figure 7.40b)
Amine Related Modes Band in the spectrum of the multicomponent complex
due to contributions from NH vibrational modes would also be expected to be
shifted from their positions in the spectra of the individual materials. Two bands
at 1443(br) and 1099 cm−1 are assigned to NH2 scissoring and δ(NH) while a
band at 499 cm−1 is assigned to the NH wag mode. These are shifted from
1460 (∆ν¯ 17 ), 1108 (∆ν¯ 9 ) and 444 (∆ν¯ 55 ) cm−1 respectively (Figure 7.41).
Other Bands Additional modes of interest within the spectrum are; the ring
breathing mode which is assigned to the intense band at 827 cm−1 which is
shifted 37 cm−1, this significant shift is likely attributable to the effect of pi–pi
stacking interactions and the proximity of the endocyclic groups to the citric acid
dimers(Figure 7.42a). The ν(CH) bands also exhibit interesting behaviour, νCH
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(a) NH2 scissoring and δ(NH) bands in cy-
tosine (red, dashed trace), citric acid (blue,
dotted trace) and the multicomponent com-
plex (black, solid trace)
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(b) NH wag band in cytosine (red, dashed
trace), citric acid (blue, dotted trace) and
the multicomponent complex (black, solid
trace)
Figure 7.41: Overlapped spectra of amine related bands
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(a) Ring breathing band in cytosine (red,
dashed trace) and the multicomponent
complex (black, solid trace)
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(b) ν(CH) bands in cytosine (red, dashed
trace), citric acid (blue, dotted trace) and
the multicomponent complex (black, solid
trace)
Figure 7.42: Overlayed spectra of additional bands of interest
bands from the citric acid molecule are not seen in the spectrum of {H2Cyt}
and {HCyt}, despite being present at 3056 and 3117 cm−1 in the individual
spectrum. It is unclear why this may occur, but the range of different local en-
vironments may cause broadening of the peak envelope, reducing its intensity.
ν(CH) bands are observed in the spectrum of the assembly in a very similar
position to those observed in the individual citric acid spectrum (Figure 7.42b).
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The work presented in this chapter has shown that the SERS methodology de-
veloped in the previous chapter is effective, when applied to samples where nu-
cleobases are immobilised on mineral surfaces, the method infact proved more
effective on these samples. Evaluations of spectra allowed the bonding of the
nucleobase molecules with the mineral surface to be determined. This showed
that the remaining moieties of the nucleobase were available to form charge
transfer complexes with Ag nanoparticles, this allows both methods of SERS
to be utilised. Therefore a larger increase in enhancement is seen. This has
allowed a set of criteria to be suggested for the selection of targets which will be
most enhanced by the methodology, the criteria are as follows;
1. The molecule should have more than one ’set’ of atoms which are avail-
iable for non-covalent interactions, preferably on opposite sides of the
molecules. This ensures that the silver colloid has the oppertunity to co-
ordinate directly to the molecule to enable exploitation of the SERS mech-
anisms of enhancement
2. The molecule should if possible have an absorption band close to the
excitation wavelength to be used, this allows additional enhancement by
the resonance Raman effect
3. The molecule should have a series of bands which can be considered
diagnostic and which are suitabley different to bands expected from the
mineral background
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Both the nucleobase and porphyrin molecules exhibited two of these criteria
and it was observed that the samples containing those molecules responded
best to the SERS detection method.
In addition, a second method was developed based on the desorption of
the organic species when it was intercalated into a clay mineral. Once the
nucleobase had become desorbed from the clay, it was present in solution at
concentrations of ca. 0.02 – 0.005 mg/ml where it was still detectable by SER
spectroscopy. Organic molecules in this concentration and lower are detectable
by other methods (GC-MS etc.323), however the ease of sample preparation and
speed of spectral acquisition are clear advantages of this methodology.
The second part of the chapter focussed on the creation of a multicomponent
complex which exploited the possible interactions of atoms of cytosine which
were not involved in Watson-Crick base pairing (or surface adsorption), a suit-
able complex was formed and as such stands as a proof of principle that inter-
molecular interactions may have been exploited in the absence of macromolec-
ular biological systems, creating complexes which exhibited the Watson-Crick
base pairing. The Raman spectrum of this complex was evaluated and shifts in
bands due to hydrogen bonding were tentatively assigned. The structure of this
complex has been reported in the past,322 however the current study discusses
the structure in an astrobiological and prebiotic context.
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Chapter 8
Development of Unsupervised
Multivariate Analysis of Datasets to
Facilitate Detection of Distributed
Organics
8.1 Introduction
Work presented in the previous two chapters has focussed on developing a
method to allow trace amounts of organic material be detected even in the pres-
ence of a highly fluorescent background. While this has been achieved the
method still relies on an fairly experienced user operating a Raman microscope,
selecting a suitable target area, evaluating the resultant spectrum and possibly
adjusting instrument parameters. While this is acceptable in a laboratory set-
ting if the method is to become useful in robotic exploration then a degree of
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automation is required.
With this goal in mind Raman mapping techniques have been evaluated,
these techniques allow a large area to be interrogated without user interven-
tion, the downside of this technique is the output of large datasets (hundreds to
thousands of spectra). There are three primary ways of evaluating such large
datasets: (i) manually, univariate data analysis and multivariate data analysis.
The manual method is extremely time consuming and requires a skilled ana-
lyst to sift through the data and locate any spectral feature of interest, when
datasets reach the thousands this becomes a very labour intensive task. (ii)
Univariate analyses’, these include monitoring the intensity or area of a peak at
a given wavelength. This method of evaluation uses variance about only a sin-
gle channel and as such a multitude of useful spectral information is discarded.
In addition to the loss of a great deal of data, a large number of factors external
to the sample may influence intensity at a specific wavelength, i.e.; background
florescence, laser power fluctuations, cosmic events, loss of focus, sample de-
comosition etc. As well as these obvious problems the success of univariate
methods rely on a certain deal of information being known about the sample
in advance, i.e. a wavelength to monitor. In the samples in this study this in-
formation is known as the study essentially has a “proof of principle” objective.
However when rolled out to evaluate samples in an unknown environment im-
portant information needs to be dissected from large data sets quickly and accu-
rately. (iii) Multivariate data analysis comes in many types, the one selected for
this study is principle component analysis (PCA). PCA is well known and widley
used in the chemical sciences324 it enables a reduction of data into a number
of principal components (PCs), that explain most of the variance in the data set
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while minimizing data loss.325 This method functions by transforming the orig-
inal variables in the data set into orthogonal components, the components are
linear combinations of the original variables. Each component is characterisd by
scores and loadings. The former being a projection of the spectra onto a partic-
ular component and the latter being a contribution of a variable to a component.
The first component in the analysis (often termed PC1) is calculated so that it
accounts for the most variation in the data set, and the subsequent component
accounts for the next largest variation and so on. This statistical method allows
the reasons for variance in data to be evaluated, without the need for any prior
knowledge about the samples, this in theory will allow for the identification of
peaks in a large dataset which only appear in a small number of the spectra
without manually evaluating each one.
8.1.1 Description of Strategy
In order to evaluate the effectiveness of the various analytical methods, samples
were made up of physical mixtures of a known w/w % (1, 5 and 10 %) of an
organic adulterant (cytosine) combined with a mineral phase (calcite, dolomite,
gypsum, goethite and akaganeı´te) and the objective of the study is to identify
the contaminant. As well as comparing univariate and multivariate methods,
standard Raman spectroscopy vs SERS will be evaluated. A brief discussion of
the univariate and PCA method used is given below, however a more in-depth
review can be found in the literature326,327
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8.2 Univariate Analysis
Mapping measurements were carried out and analysed on the WiRE3 (Ren-
ishaw, PLC. Gloucestershire) software package. The software provides various
methods for analysing mapping measurements, intensity at point was chosen
here, as no further processing is required on the data. Intensity at the cytosine
ring breathing band was selected and the map was run. Areas where intensity
at this wavelength was higher are a brighter green, the false colour map was
overlaid on the original microscope image.
8.3 Principle Component Analysis
Principle component analysis was carried out using SOLO (Eigenvector Re-
search, Inc. Washington). Multiple spectra were loaded as .spc files and trans-
lated into a sample matrix (1 spectrum per row). This data block was loaded
into the software’s PCA analysis module. Prior to building the PCA model, the
data were mean centred and normalized with respect to the most intense peak
of the mean spectrum. Following this preprocessing, the model was built and
evaluated. A flow chart of operations in shown in figure 8.1.
8.4 Results and Discussion
As expected the univariate analysis provided unreliable results. Figure 8.2
shows the standard and surface enhanced Raman maps of 1 % w/w cytosine in
calcite. The green areas indicate that the analysis is showing that the there is an
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Import 
Data 
Select Pre-
Processing 
Initial Run 
Review Eigenvalue 
Plot and Select PC’s 
Build Model 
Review and 
Interpret Scores and 
Loadings Plots 
Review and Identify 
Organic Adulterants 
Figure 8.1: Stepwise process used in evaluating the components of the mineral-organic
Mixtures
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increased intensity of signal due to the ring breathing band of cytosine. Manual
evaluation of the data giving this result in the non-SERS map however shows
that the increase in intensity is caused by a collection error, i.e. CCD saturation
caused by background fluorescence (Figure 8.3a). In the SERS map the green
areas, however, do for the most part relate to an increase in intensity due to a
band being present.
(a) False colour Raman map showing
intensity at ca.790 cm−1
(b) False colour surface enhanced Ra-
man map showing intensity at ca.790
cm−1
Figure 8.2: Microscope images with overlaid false colour Raman and surface enhanced
Raman maps for 1 % w/w cytosine in calcite
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(a) Example of erroneous spectrum
which causes false positive result in
univariate analysis
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(b) Example of SER spectrum cor-
rectly detecting cytosine ring breath-
ing band
Figure 8.3: Contrasting spectra causing positive identification in univariate mapping
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The univariate mapping technique becomes more accurate as the concen-
tration of the organic increases, this is not surprising as with greater concentra-
tion comes more Raman scattering and consequentely more intensity. Figure
8.4 shows the Raman and surface enhanced Raman maps of calcite with 5%
w/w and 10% w/w cytosine along with a representative spectrum which con-
tributes to the green areas (higher intensity at ca. 790 cm−1). As well as the
mapping becoming more accurate, other peaks attributable to the cytosine el-
ement of the mixture become visible, notabley those at; 540 cm−1, 550 cm−1
and the peak at 1279 cm−1 in the bare Raman and 1290 cm−1 in the SERS.
Against a calcite background a 1 % w/w concentration of organic is too little for
the standard Raman mapping using univariate methods to detect and display
reliably
In order to use the PCA algorithm the spectra which make up the maps were
separated and loaded as individual data points. The data was separated into
two classes, standard Raman and SERS data. When the PCA analysis split the
data into its principal components a number of loadings came out of the analysis
(Figure 8.6). It can be seen that two peaks attributable to cytosine have been
identified as principle components in both data sets. In contrast to the univariate
method this is a huge advantage.
PC loadings and scores for the entire data set (standard Raman and SERS)
were calculated and plotted (Figure 8.7). In the scores plot (Figure 8.7b) a sep-
aration within the data can be clearly seen. Most of the projected points for the
standard Raman data lie negative with respect to PC2 where as most of the
SERS points lie positive. The loading for PC2 (Figure 8.7a) shows that the it is
contributed to by the intensity of two cytosine peaks. As such it can be drawn
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(a) False colour Raman map showing
intensity at ca. 790 cm−1 in 5% w/w
cytosine in calcite
(b) False colour surface enhanced Ra-
man map showing intensity at ca. 790
cm−1 in 5% w/w cytosine in calcite
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green colouration of false colour Ra-
man maps
Figure 8.4: Microscope images with overlaid false colour Raman and surface enhanced
Raman maps for 5 % w/w cytosine in calcite
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(a) False colour Raman map showing
intensity at ca. 790 cm−1 in 10% w/w
cytosine in calcite
(b) False colour surface enhanced Ra-
man map showing intensity at ca. 790
cm−1 in 10% w/w cytosine in calcite
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(c) Representative spectra resulting in
green colouration of false colour Ra-
man maps
Figure 8.5: Microscope images with overlaid false colour Raman and surface enhanced
Raman maps for 10 % w/w cytosine in calcite
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Figure 8.6: PC loadings of 1 % w/w cytosine–calcite mixtures. Left - dispersive Raman
spectroscopy, right - surface enhanced Raman spectroscopy
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that the projections in the direction of the green arrow show increased spectral
contributions from cytosine. Looking at the meaning of the data it can be seen
that very few of the non-SERS spectra displayed the two cytosine peaks, how-
ever the multivariate analysis was still able to identify these peaks as a principle
component, by ignoring most of the background.
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(a) PC loadings of the complete data
set
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Figure 8.7: PC loadings and scores for the complete dataset for 1 % w/w cytosine in calcite
An easier way to identify a whole spectrum which represents the entire sam-
ple is to use the loadings plot of Hotellings T2 test, this displays a spectrum
which accounts for most of the variation in the sample. Evaluation of this spec-
trum (Figure 8.8) shows that the peaks for the organic are clearly identifiable by
peaks at 790 cm−1 (ring breathing) and 1279/1290 cm−1 (ν(CN)).
This initial evaluation of the PCA method for identifying traces of organic
adulterants has shows that both standard and surface enhanced Raman spec-
troscopy can identify the organic material in a 1 % w/w mixture. However the
SERS method, as expected, had many more spectra which displayed the cyto-
sine peaks (Figure 8.7b). This result allowed for a systematic analytical method-
ology to be devised and applied to the remaining samples. A flow chart dis-
playing the steps is displayed in figure 8.9. The remaining samples (1 % w/w
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Figure 8.8: Hotellings T2 loadings for standard Raman and SER data
cytosine mixed with dolomite, gypsum, goethite, akagane´ite) were evaluated
following the same steps.
In the case of the 1 % w/w cytosine in dolomite mixture peaks from cytosine
and from the mineral were identified in both the standard Raman and in the
surface enhanced Raman data sets (Figures 8.10a and 8.10b). These peaks
are assigned as; the cytosine ring breathing band at 790 cm−1 and the ν(CN)
band at ca. 1290 cm−1 as well as the ν(CO) band of dolomite at ca. 1080
cm−1. Evaluation of the Hotelling’s T2 loading plot shows again that this is an
easy way to see the peaks which relate to the major variance in the dataset and
consequently allow access to the peaks from a trace amount of organic.
The Hotelling’s T2 plot from the SERS dataset (Figure 8.10c) shows more in-
tense peaks than the equivalent plot in the bare Raman dataset, the PC1 v PC3
scores for the entire dataset (Figure 8.11b shows this split in the data. The trend
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Perform Mapping 
Measurement 
Split Dataset into Individual 
Spectra 
Load Dataset into PCA 
Analysis Software 
Perform Analysis 
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Scores 
Evaluate Hotelling’s T2 
Loading Plot 
Figure 8.9: Flow chart displaying steps in PCA based analysis method
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(a) PC Loadings of the Standard Ra-
man Dataset for 1 % w/w Cytosine in
Dolomite
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(b) PC loadings of the standard Ra-
man dataset for 1 % w/w cytosine in
dolomite
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(c) Plot of Hotelling’s T2 for 1 % w/w
cytosine in dolomite
Figure 8.10: PC and Hotelling’s T2 loadings for separate datasets of 1 % w/w cytosine in
dolomite
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shown is that approaching the top right of the plot (direction of the green arrow)
represents a greater the intensity of all bands (cytosine and dolomite). The plot
shows the SERS dataset is it at the upper right of the axis, thus confirming that
the SERS spectra have greater intensity for all observed peaks.
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Figure 8.11: PC loadings and scores for the complete dataset for 1 % w/w cytosine in
dolomite
A 1 % w/w cytosine in gypsum sample was characterised by the method
in figure 8.9. Hotelling’s T2 loading plots can be seen in figure 8.12. Both the
standard and surface enhanced Raman datasets show peaks related to cytosine
(ring breathing [ca. 790 cm−1] and ν(CN) [ca. 1290 cm−1]) and gypsum (ν(SO)
[ca.1100 cm−1])
A Scores plot of PC1 vs PC2 (Figure 8.13b) for the entire dataset shows
a clear separation of standard Raman and SERS datasets, the SERS dataset
is negative with respect to PC2, which as can be seen from the loadings plot
(Figure 8.13a) relates to a positive intensity for the peaks at ca. 790 cm−1 and
ca. 1100 cm−1
The next two samples evaluated were goethite and akaganeı´te, both iron
oxide minerals. Raman spectra of these minerals display a great deal of flu-
orescence which makes recognising peaks challenging. This problem is usu-
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Figure 8.12: Hotelling’s T2 loadings plot for 1 % w/w cytosine in gypsum
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Figure 8.13: PC loadings and scores for the complete dataset for 1 % w/w cytosine in
gypsum
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ally overcome by changing collection parameters which makes acquisition times
longer. For this experiment the spectra were collected with the same parame-
ters which were used for carbonate and sulphate minerals. This is a quick (1s)
exposure and acquisition time and only a single accumulation. The spectra were
recorded and analysed in the same way (Figure 8.9) as the carbonate and sul-
phate minerals. Hotelling’s T2 loadings plots (Figure 8.14) for 1 % w/w cytosine
in goethite show that in the standard Raman dataset peaks attributable to the
mineral are the only ones visible above the baseline, however, the SERS dataset
shows peaks from the mineral as well as a peak at 790 cm−1 attributable to the
ring breathing band of cytosine.
Raman Shift (cm-1)
0 200 400 600 800 1,000 1,200
Standard Raman 
 SERS
Figure 8.14: Hotelling’s T2 loadings plot for the standard Raman and SER dataset of the 1
% w/w cytosine in goethite
The scores plot (Figure 8.15b) of the full dataset shows a very clear separa-
tion between the SERS and standard Raman classes. The SERS samples are
located for the most part in the top left of the plot, this is negative with respect to
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PC1 and positive with respect to PC2. Evaluation of the loading (Figure 8.15a)
of the PC’s shows that the SERS data therefore shows positive intensity of the
goethite peaks and also positive intensity of the cytosine ring breathing peak.
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Figure 8.15: PC loadings and scores for the complete dataset for 1 % w/w cytosine in
goethite
The final sample to be evaluated by the PCA method was 1 % w/w cytosine
in akagane´ite. The Hotelling’s T2 loadings plot (Figure 8.16) for each data set
show peaks attributable to both the mineral and to cytosine. The ring breathing
band of cytosine at ca. 790 cm−1 is visible in the bare Raman plot, however in
the SERS plot it is much more intense.
Reviewing the scores plot (Figure 8.17b) for the whole dataset reveals that
the SERS data is largely negative with respect to PC2, which is seen in the
loadings plot (Figure 8.17a) to relate to positive intensity in both the akagane´ite
and cytosine peak regions.
In all cases the Hotellings T2 loadings plot has allowed identification of peaks
assignable to the cytosine molecules, noteabley the ring breathing peak at ca.
790 cm−1 and the ν(CN) band at ca. 1290 cm−1. Standard Raman spectroscopy
was able to pick up the organic (albeit weakly) in all the samples other than
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Figure 8.16: Hotelling’s T2 plot of the standard Raman and SERS data from 1 % w/w
cytosine in akagane´ite
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Figure 8.17: PC loadings and scores for the complete dataset for 1 % w/w cytosine in
akagane´ite
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goethite where the fluorescence swamped any organic signal. However in all
the cases the SERS was able to comfortably detect the organic peaks. Review-
ing PC scores for each sample showed a separation of the standard Raman and
SERS data which, for the most part related to the intensity of the cytosine con-
tributions to the spectrum. As a comparison, the 1 % w/w mixtures were also
evaluated using the same univariate method described earlier, this produced
unreliable results due to large variation in spectra caused by florescence and
limits of detection.
8.5 Conclusions
The aim of the work in this chapter was to evaluate univariate and multivari-
ate methods for interrogating large datasets with a view to developing a re-
producible analytical methodology which can be applied to samples containing
small fractional concentrations of organic molecules and which can be carried
out in an unsupervised manner. Initial comparison of the univariate and mul-
tivariate methods, yielded expected results in that the univariate method was
unreliable at the low concentrations used. Measurement of peak intensity at
a given wavenumber was not sufficient to produced reliable false colour maps
detailing the distribution of the organic species. SERS increased the reliability
of this method, but false positives were still observed for low organic concentra-
tions. In contrast, the multivariate method allowed for a quick and easy identi-
fication of peaks in the dataset relating to the organic molecule. Due to some
of the steps involved (i.e.) splitting of the mapping data, export and display of
results) user intervention was required between collection and final display of
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results. With further work and alternative software (i.e PLS Toolbox (Eigenvec-
tor Research, Inc. Washington) and Matlab (Mathworks. Massachusetts) it may
be possible to develop an analysis algorithm which requires little user interven-
tion. The use of Hotelling’s T2 loadings plot for spectral evaluation is scarce in
the literature, one example is in work by Duraipandian et al328 where a Raman
diagnostic system for the identification of gastric cancers is being developed.
Work in this chapter has shown that use of the Hotelling’s T2 loading plot may
provide a simple way of identifying peaks in a dataset which relate to only a few
samples (i.e. trace materials). Other examples of the combination of PCA and
Raman are studies which aim to discriminate samples from different sources,
i.e. Kokot et al329 who used PCA methods to evaluate how different samples
had been dye treated, Allen et al330 used a similar technique to analyse post
consumer plastics where different plastic types could be clearly grouped using
PC scores. Many other examples of the use of PCA analysis to group samples
can be found in the literature, to the authors knowledge at the time of writing
no examples exist where PCA is used in the same manor as in this work. It is
hoped that the proof of principle shown in this chapter will allow for further eval-
uation of the PCA and in particular the evaluation of the Hotelling’s T2 loading
plot.
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Chapter 9
Summary and Further Work
9.1 Summary and Conclusions
The work presented in this thesis has addressed a number of key issues with
the detection of trace amounts of bio-relevant materials when they are com-
bined with inorganic mineral matrices. A selection of materials was made from
assessment of the current literature surrounding the mineralogy of Mars and
high priority organic targets. From these materials it was possible to evaluate
the effect of the organic molecules on the precipitation of mineral phases and
also to construct a number of assemblies incorporating small amounts of or-
ganic material and a mineral matrix. The organic material was selected based
on high priority targets of astrobiological significance, with inorganic material
selection being based on minerals present on the surface of Mars. Specifically
those present in areas which show precedence for having past conditions con-
ducive to life. Experiments toward the evaluation of the effect of the organic on
the precipitation of the mineral phase, showed that it is possible to tell from minor
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morphological features in calcite crystals that they were crystallised in the pres-
ence of organic molecules, this observation however was unable to distinguish
between the types of organic present. In the development of the assembled
materials it was found that the organic species did not show a persistent affinity
for the iron oxide minerals, whereas all but two of the organic species adsorbed
to the surface of at least one of the carbonate minerals. This is attributed to
the surface groups of the two minerals. The iron oxides surfaces exhibit mostly
surface hydroxyls which act as hydrogen bond donors whereas the carbonate
surfaces exhibit mostly surface carbonyl’s which act as the opposite, hydrogen
bond acceptors. Most of the organic species have prominent hydrogen bond do-
nating groups (-OH, -NH3 or even -CH3)
287,288 and as such would be expected
to interact more readily with the calcite or dolomite surface. This is a useful
finding and may allow for improved target selection for future robotic exploratory
missions. The development of a SERS methodology detailed in chapters 6 and
7 allowed a quick and simple methodology to be suggested which requires lit-
tle sample preparation, no specialist equipment and no modifications to an ex-
isting spectrometer. Under the conditions used, spectra were acquired in no
more than one minute and resultant information allowed for an evaluation of the
organic–inorganic interface. This method therefore meets the criteria set out
in the project aims, mainly “in-situ measurements from which information about
the organic-inorganic interface can be drawn, while also maintaining the abil-
ity to characterise the organic adsorbate.” The SERS methodology for surface
immobilised materials meets this criteria fully. This method was further devel-
oped and applied to large datasets containing only a small number of organic
features. This data set when evaluated using univariate analyses’ gave unreli-
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able results, however when evaluated using multivariate analyses’, specifically
the utilisation of the Hotellings T2 test of the dataset. The effectiveness of the
SERS colloid deposition methodology is shown, however in order to increase
effectiveness a number of criteria for target selection may be suggested;
1. The molecule should have more than one ’set’ of atoms which are avail-
iable for non-covalent interactions, preferably on opposite sides of the
molecules. This ensures that the silver colloid has the oppertunity to
co-ordinate directly to the molecule to enable exploitation of both SERS
mechanisms of enhancement
2. The molecule should if possible have an absorption band close to the
excitation wavelength to be used, this allows additional enhancement by
the resonance Raman effect
3. The molecule should have a series of bands which can be considered
diagnostic and which are suitabley different to bands expected from the
mineral background
Additionally an evaluation of potential hydrogen bonding donor/acceptor sites
versus the known surface groups of the mineral material will allow the range of
targets to be further minimised as a function of the search environment. The im-
portance of target selection and characterisation was shown in the studies of the
PAH derivatives, where even a small derivitization (in this case driven by sun-
light) can cause significant changes in the spectral signature of the molecules.
In summary it has been shown that a simple SERS approach can facili-
tate detection of surface immobilised organic residues in inorganic matrices.
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This method in combination with a powerfully adaptive multivariate data analy-
sis method allows large datasets to be effectively evaluated for signals due to
organic residues. When applied to surface immobilised species the method is
capable of in-situ measurements which preserve and provide information about
the inorganic–interfaces from a surface chemistry perspective.
9.2 Further Work
If the developed methodology is to be utilised by interplanetary exploration robots
a number of further investigations must be carried out. All Raman measure-
ments presented in this work were carried out on a commercial benchtop in-
strument, it is important that this method be tested on equipment and instru-
mentation that is available to remote exploration. Further to the development of
target selection, the criteria outlined above could be used to form a database
of compounds for which there is priority for discovery in an astrobiological set-
ting. These compounds can then be evaluated using the developed method to
produce a database of spectral signatures to which signals from planetary ex-
ploration can, in the first instance, be compared. In the context of the method
itself, development should proceed by evaluation of alternatives to aqueous sil-
ver colloids, perhaps looking for a more volatile alternative to facilitate quicker
drying times when applied to materials. The final line of further investigation is
to the continued development of the data analysis methodology, this should be
based around an adaptable programming environment where the constraints of
a GUI are not present. This will eliminate the need for user intervention between
instrumental setup and data presentation.
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